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Hi David,

Thanks for the wonderful discussion.  Here are some papers that we discussed about.

Clinical data have shown that formaldehyde concentration is elevated (2,8 fold) in the urine of patients with prostate and
bladder cancer [3] and in the expired air from tumor-bearing mice
and breast cancer patients [4]; and these patients frequently suffer from bone cancer pain [5,6]. Formaldehyde is considered to
be a risk factor of cancer development [7], but for the most part
knowledge about formaldehyde secretion by tumor tissue is limited. (Tong et al 2010). Formaldehyde levels are increased in
cultured cancer cells as well as cancer tissues.

Polymorphisms in MTHFR gene protect against colon cancer and leukemia (Wiemels
et al 2001). The polymorphisms in MTHFR gene cause increased fidelity in DNA
synthesis since the enzyme is used in generating thymidine pools. 

 

Formaldehyde inhibits and stimulates cell proliferation depending on the
concentration (Tyihak 2001).

Mutipotent cells from adult olfactory mucosa (human and rodents) are shown to
transmigrate to bonemarrow (Murrel et al 2005)
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Abstract


Background: There is current interest in understanding the molecular mechanisms of tumor-induced bone pain.
Accumulated evidence shows that endogenous formaldehyde concentrations are elevated in the blood or urine of patients
with breast, prostate or bladder cancer. These cancers are frequently associated with cancer pain especially after bone
metastasis. It is well known that transient receptor potential vanilloid receptor 1 (TRPV1) participates in cancer pain. The
present study aims to demonstrate that the tumor tissue-derived endogenous formaldehyde induces bone cancer pain via
TRPV1 activation under tumor acidic environment.


Methodology/Principal Findings: Endogenous formaldehyde concentration increased significantly in the cultured breast
cancer cell lines in vitro, in the bone marrow of breast MRMT-1 bone cancer pain model in rats and in tissues from breast
cancer and lung cancer patients in vivo. Low concentrations (1,5 mM) of formaldehyde induced pain responses in rat via
TRPV1 and this pain response could be significantly enhanced by pH 6.0 (mimicking the acidic tumor microenvironment).
Formaldehyde at low concentrations (1 mM to 100 mM) induced a concentration-dependent increase of [Ca2+]i in the
freshly isolated rat dorsal root ganglion neurons and TRPV1-transfected CHO cells. Furthermore, electrophysiological
experiments showed that low concentration formaldehyde-elicited TRPV1 currents could be significantly potentiated by low
pH (6.0). TRPV1 antagonists and formaldehyde scavengers attenuated bone cancer pain responses.


Conclusions/Significance: Our data suggest that cancer tissues directly secrete endogenous formaldehyde, and this
formaldehyde at low concentration induces metastatic bone cancer pain through TRPV1 activation especially under tumor
acidic environment.
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Introduction


Cancer pain is a severe clinical condition, and about 75,90%


of advanced or terminal cancer patients experience chronic pain


related to treatment failure and/or tumor progression or


metastasis. Malignant bone tumors occur in patients with primary


bone cancer, but are far more commonly found to be distant


metastases from other primary cancers, notably breast, lung and


prostate cancers. As such, bone is the most common site of origin


of chronic pain in patients with metastatic lung, breast and


prostate cancers and myeloma [1]. In the development of cancer,


it is suggested that tumor tissues secrete different kinds of factors


including cytokines such as TNF-a and IL-1 [2].


Clinical data have shown that formaldehyde concentration is


elevated (2,8 fold) in the urine of patients with prostate and


bladder cancer [3] and in the expired air from tumor-bearing mice


and breast cancer patients [4]; and these patients frequently suffer


from bone cancer pain [5,6]. Formaldehyde is considered to be a


risk factor of cancer development [7], but for the most part


knowledge about formaldehyde secretion by tumor tissue is
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limited. Whether excessive endogenous formaldehyde induces


cancer pain still remains to be determined.


A recent report has indicated that formaldehyde (.0.013 mM)


can elicit currents via transient receptor potential vanilloid


receptor 1 (TRPV1) and this current could be blocked by the


specific TRPV1 antagonist capsazepine in dorsal root ganglion


(DRG) neurons [8]. Furthermore, formaldehyde (.0.02 mM) can


induce Ca2+ influx via TRPV1 and transient receptor potential


ankyrin 1 (TRPA1) in transfected-CHO cells. TRPA1 is more


sensitive to formaldehyde than TRPV1 [9,10], however, TRPA1 is


sensitive to an intracellular alkalization, not an acidic microenvi-


ronment (pH,6.0) [11]. It is well known that tumor tissues


typically exist in an acidic microenvironment in the range of


pH 4,5 [12]. TRPV1 is a cation channel activated by capsaicin,


noxious heat, low pH (pH,5.5) and endogenous vanilloids


[13,14]. More importantly, TRPV1-mediated currents induced


by capsaicin, endogenous vanilloids and ethanol can be enhanced


by low pH [15]. TRPV1 participates in nociception especially


under acidic conditions [16] and is considered to play an


important role in cancer pain [17]. Clinical investigation found


TRPV1 over-expression in patients with pancreatic carcinoma


[18], bladder cancer [19] and breast cancer [20], and such an


over-expression is positively correlated with the intensity of pain


[18]. Therefore, in the present study, we postulated that excessive


cancer tissue-derived endogenous formaldehyde induces bone


cancer pain via TRPV1 especially under an acidic tumor


microenvironment.


Results


Formaldehyde concentration increased in cultured
cancer cell lines and tumor tissues from cancer patients


We first investigated whether formaldehyde concentration was


elevated in cultured tumor cell lines in vitro. Formaldehyde


concentrations in rat breast cancer cell line MRMT-1 cells were


significantly higher on day 2 than those of controls on the first day


after cell density reached 105 cells/ml and 86105 cells/ml


respectively, but decreased on day 3 when the cell density


decreased (n = 6) (Fig. 1A). Formaldehyde concentration was also


significantly increased in human lung cancer cell line H1299 cells


and SY5Y cells (Fig. 1, B and C). Syngeneic Walker 256


mammary gland carcinoma cells were cultured by seeding into


the abdominal cavity. A significant increase in the formaldehyde


concentration was found in 0.5 ml ascitic fluid (26107 cells/ml)


6 d and 12 d after inoculation. Formaldehyde concentration was


elevated two fold on day 6 after inoculation (from 0.04 mM to


0.08 mM) and decreased on day 12 when tumor cells grew into


terminal phase. The highest concentration was 0.10 mM (Fig. 1D).


Formaldehyde concentration was significantly elevated in bone


marrows of MRMT-1 cancer pain model as compared with that in


normal bone marrow (Fig. 1E). These results indicate that the


formaldehyde concentration was elevated in all tested tumor cell


lines.


Pain visual analogue scores (VAS) were used in groups of


patients with (n = 19) and without (n = 6) breast pain. Nineteen


patients had significantly suffered from cancer pain. Only 1 patient


reported thermal pain descriptors (burning, hot), while most


reported ache and tenderness. VAS scores in these patients and


controls were 3.860.3 and 0.360.2 respectively. Formaldehyde


concentration was examined in tumor tissues from patients


(Fig. 1F). In preparations from lung cancer patients, the average


formaldehyde concentration was 0.7260.06 mM (n = 10) with the


highest concentration 1.01 mM. This was significantly higher than


that in the normal tissues adjacent to the cancer (0.1960.06 mM).


In breast cancer tissues from patients, the formaldehyde


concentration was 0.7560.12 mM with the highest concentration


2.35 mM. Although the breast tumor adjacent tissues (as controls)


were not gained, levels of formaldehyde in human tissues were


approximately 0.1,0.2 mM as previously reported [21]. These


levels are similar to the average level (0.1960.06 mM) found in


human lung cancer adjacent tissues in the present experiment.


Taken together, these data show that the tumor-derived


formaldehyde concentration is elevated in cancer tissues, strongly


suggesting that tumor tissues secrete formaldehyde.


Formaldehyde scavengers and TRPV1 antagonists
attenuated formalin-induced pain behaviors


The formalin test (5% formalin, i.e. 1662 mM formaldehyde) is


a classic pain model commonly used to evaluate analgesic


medicines. We found that formaldehyde scavengers glutathione


(GSH) and resveratrol (Res), and TRPV1 antagonists capsazepine


(CPZ) and melatonin (MT) significantly decreased the number of


flinchings in a dose-dependent manner in both acute and tonic


phases (Fig. 2, A–D), similar to that in previous reports [1,22]. The


solvent used for these regents, DMSO (final concentration ,10%)


by itself did not show significant effect (Fig. 2A).


Low concentration formaldehyde-induced pain
behaviors via TRPV1 was enhanced by low pH


Formalin 5% functioning as a chemical irritant can induce


nociceptive behavioral responses (pain). This in turn raises an


interesting question of whether formaldehyde at pathologically low


concentrations (1,3 mM, based on the concentrations of


formaldehyde detected in human tumor tissues) can induce pain


responses, and whether TRPV1 or TRPA1 is involved in the pain


responses. Intraplantar injection of formaldehyde (0.1 mM to


100 mM) to the right hind paw evoked dose-dependent, short-


lasting (5 min) pain responses of the injected paw in normal rats.


Capsazepine, melatonin and AP-18 (a TRPA1 antagonist) all


attenuated the low concentration formaldehyde (5 mM)-induced


pain responses (Fig. 3A). These results indicate that formaldehyde


at low pathological concentration can induce pain behavioral


responses, possibly through activation of TRPV1 and TRPA1.


In addition, formaldehyde (3 mM) with a low pH of 5.0 or 6.0


(mimicking the acidic cancer microenvironment) induced more


severe pain responses than formaldehyde in a neutral environment


(pH 7.4). These responses were partially inhibited by AP-18, but


almost completely inhibited by capsazepine (a TRPV1 antagonist)


(Fig. 3B). Moreover, capsazepine and melatonin attenuated


capsaicin-induced pain responses (Fig. 3C), but AP-18 did not


(Fig. 3D). This result is similar to a previous report [23]. These


data suggest that TRPV1, but not TRPA1, plays a key role in low


concentration formaldehyde-induced pain behaviors under acidic


environment.


Formaldehyde induced Ca2+ influx in dorsal root
ganglion (DRG) neurons and TRPV1-CHO cells in vitro


We further used calcium imaging to test whether low


concentration formaldehyde can directly excite DRG neurons


via TRPV1. As expected, formaldehyde at concentrations of


1 mM to 100 mM induced a concentration-dependent increase of


[Ca2+]i in freshly isolated rat DRG neurons (Fig. 4, A and B).


TRPV1 antagonists capsazepine and melatonin inhibited the


[Ca2+]i increase evoked by formaldehyde (Fig. 4, C and D) or by


capsaicin (Fig. 4, E and F).


To verify whether formaldehyde directly activates TRPV1, we


next examined the effect of formaldehyde on TRPV1-transfected
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CHO (TRPV1-CHO) cells. As expected, formaldehyde (.0.1 mM)


induced an increase of cytosolic [Ca2+]i in a concentration-


dependent manner (Fig. 4, G and H). As a control, in the


untransfected CHO cells, formaldehyde at 100 mM elicited only


slight Ca2+ influx (data not shown). Formaldehyde induced Ca2+


influx in the TRPV1-CHO cells was significantly inhibited by the


TRPV1 antagonist capsazepine and melatonin (Fig. 4, I and J).


Formaldehyde and pH 6.0 synergistically elicited currents
in TRPV1-CHO cells in vitro


Since nociceptive behaviors (pain) induced by formaldehyde at


pH 6.0 were sensitive to the TRPV1 antagonist, formaldehyde at


pH 6.0 may act directly on TRPV1 (Fig. 3B). We recorded the


TRPV1 current induced by capsaicin and formaldehyde (with or


without pH 6.0) using patch clamp recording in TRPV1-CHO


cells. Capsaicin at 10 mM induced an inward current with voltage


clamped at 260 mV. Capsazepine, a TRPV1 antagonist, strongly


suppressed the capsaicin-induced current. Similarly, formaldehyde


at 3 mM (concentration detected in human tumor tissues) induced


an inward current in TRPV1-CHO cells in a concentration-


dependent manner and 10 mM capsazepine blocked the formal-


dehyde-induced current (Fig. 5A). As controls, neither 3 mM


formaldehyde, nor 10 mM capsaicin, nor formaldehyde plus


capsaicin induced any current in the untransfected CHO cells


(data not shown).


Although low pH of 6.0 in extracellular solution had little effect


on TRPV1-CHO cells, currents induced by formaldehyde at


1,10 mM were significantly potentiated by pH 6.0 (Fig. 5, A and


B). This result indicates that there is a synergistic effect between


formaldehyde and an acidic environment. As a positive control,


formaldehyde at 1 and 3 mM also markedly potentiated capsaicin


(1 mM)-induced current in the TRPV1-CHO cells (Fig. 5, C and


D). These data suggest that formaldehyde directly activates


TRPV1 with more efficiency at low pH.


Formaldehyde and pH 5.0 synergistically elicited C-fiber
discharges via TRPV1 in vivo


Of greater importance, we tried to determine whether formal-


dehyde within the concentration range detected in the cancer tissues


from patients is functional in exciting peripheral nociceptive nerve


fibers. Peripheral C-fibers transduce nociceptive information to


conduct nociceptive information. An increase in nociceptive C-fiber


firings is a common characteristic of pain. Since formaldehyde at


pH 5.0 (mimicking an extremely acidic tumor microenvironment)


induced more severe pain behaviors than pH 5.0 alone (Fig. 3B), we


tested whether formaldehyde can excite C-fibers. It was found that


formaldehyde (1 mM, similar to the levels detected in human lung


cancer tissues) at pH 5.0 can directly excite C-fibers. The number of


action potentials increased significantly after formaldehyde (under


pH 5.0) injection into the receptive field of the C-fibers. This C-fiber


excitation could be blocked by the TRPV1 antagonist capsazepine


(CPZ) (Fig. 5, E and F).


Formaldehyde scavengers inhibited formaldehyde-
induced neurotoxicity in cultured DRG neurons


We further tested the neurotoxicity of formaldehyde within the


above-measured concentration range (.0.1 mM) in the cultured


DRG neurons. It was shown that formaldehyde was neurotoxic to


DRG neurons in a dose-dependent manner (Fig. 6A). Resveratrol,


an exogenous formaldehyde scavenger, and glutathione, an


endogenous formaldehyde scavenger, showed spontaneous chem-


ical interaction with formaldehyde in PBS solution within 40


minutes (Fig. 6B). These formaldehyde scavengers decreased


formaldehyde-induced neurotoxicity with a concentration-depen-


dent manner (Fig. 6, C and D).


Formaldehyde scavengers and TRPV1 antagonists
attenuated bone cancer pain behaviors in rats


As shown in Fig. 7A, X-ray revealed that no radiological change


(score = 0) was found in animals treated with heat-killed tumor


cells or with PBS solution. However, 7 days after injection with


MRMT-1 cells, the bone showed some loss of medullary bone and


apparent erosion of the cortical bone. Further deterioration was


detected on day 15 post-injection with additional full thickness


unicortical bone loss. Formaldehyde scavengers (glutathione and


resveratrol) and melatonin all significantly decreased bone


destruction; however, capsazepine, a TRPV1 antagonist, did not


protect bone structure from erosion on day 15 (Fig. 7, A and B).


Pain behaviors including thermal hyperalgesia and mechanical


allodynia were observed from 7 to 15 days after injection of


MRMT-1 cancer cells. It was also found that the pain behaviors


were attenuated by capsazepine, melatonin and formaldehyde


scavengers (glutathione and resveratrol) on days 11 and 15 after


MRMT-1 inoculation (Fig. 7, C and D).


It was of interest to note that even though capsazepine and


melatonin both attenuated bone cancer pain behaviors, the


formaldehyde concentration in the spinal cord and blood of the


cancer pain model rats on days 15 was still kept higher than that of


the control rats. More importantly, resveratrol and glutathione


(formaldehyde scavengers) inhibited bone cancer pain behaviors


by decreasing excessive formaldehyde in the spinal cord (Fig. S1,


A and B).


Discussion


Tumor tissues directly secrete endogenous
formaldehyde


The physiological formaldehyde level was reported to be


approximately 0.1 mM in the blood or brain of human and


non-human animal [21]. Surprisingly, clinical data showed that


formaldehyde concentrations were significantly elevated (2,8 fold)


in urine from patients with bladder cancer and prostate cancer [3],


in the expiration of some patients suffering from breast cancer [4]


and especially high in blood samples (8,10 folds) from certain


patients with tumor [24]. Formaldehyde was also elevated in


lymphocytes in chronic lymphocytic leukemia [7]. The expression


and activity of formaldehyde generating enzymes, such as lysine-


specific demethylase 1 (LSD1) [25,26], semicarbazide-sensitive


amine oxidase (SSAO) [27,28] and cytochrome P-450 [29,30],


formaldehyde degrading enzymes, such as aldehyde dehydroge-


nase 2 (ALDH2) and class III alcohol dehydrogenase (ADH3)


[31,32], are considered to have critical roles in the pathogenesis of


breast cancer. Over-expression of ADH3 has been found in cancer


tissues, which defenses formaldehyde [33]. This implies that tumor


tissues can tolerate formaldehyde at abnormal levels. The present


Figure 1. Formaldehyde concentration in the cultured cancer cell lines in vitro and in vivo. (A) MRMT-1 cancer cells. (B) Human H1299 lung
cancer cells. (C) Human SY5Y cancer cells. (D) Ascites from peritoneal inoculation of Walker 256 mammary gland carcinoma cells. (E) Bone morrow of
MRMT-1 breast cancer pain model rat in vivo. (F) Tumor tissues from lung and beast cancer patients. * p,0.05, ** p,0.01, compared with that of the
first day.
doi:10.1371/journal.pone.0010234.g001
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study gives direct evidence that formaldehyde can be secreted


from the cultured cancer cell lines in vitro and tumor tissues from


certain cancer pain patients in vivo, and its concentration may


reach abnormally high levels (Fig. 1). Because the bone cavity


volume of rats is small and the amount of bone marrow tissue is


little, four bone marrows from MRMT-1 breast cancer pain


models were combined to one tube for HPLC measurement in the


present study. A marked elevation of formaldehyde level was


found in bone marrow of cancer pain model rats (Fig. 1E). This


agrees with a previous report that formaldehyde could be


accumulated in bone marrow [34]. Interestingly, formaldehyde


level in blood was also obviously elevated in MRMT cancer pain


model in rats (Fig. S1, B) and formaldehyde is considered as a


cause of cancer [35]. These reports suggest that excessive


formaldehyde production by tumor tissues is possibly a critical


factor in tissue cancerization or osseous metastasis.


Cancer tissue-derived excessive formaldehyde induces
bone destruction


Cancer cell metastasis to bone marrow increases osteolysis,


osteoclastic activity and induces an acidic microenvironment [36].


This is related to the fact that osteoclasts resorb bone by


maintaining an extracellular microenvironment of pH 4,5 [12].


Acidification is a cause of pain in cancer and inflammation [36].


The activated osteoclasts increase proton-induced stimulation of


TRPV1 or acid-sensitive ion channels (ASICs) on sensory nerve


Figure 2. TRPV1 antagonists and formaldehyde scavengers inhibited formalin-induced pain response in rats. (A) Capsazepine (CPZ, a
TRPV1 antagonist); (B) Melatonin (MT); (C and D) Formaldehyde scavengers: Resveratrol (Res) and Glutathione (GSH). mg/paw. * p,0.05, ** p,0.01,
compared with the formaldehyde injection groups. n = 10.
doi:10.1371/journal.pone.0010234.g002
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fibers that innervate bone [1]. Another source of protons is lysis of


tumor cells themselves. Cancer cells have a lower intracellular pH


than normal cells [37], as solid tumors outgrow their vascular


supply, then cancer tissue becomes necrotic, which contributes to


the acidic environment [38]. A recent research report also


demonstrated that formaldehyde, gradually released by root canal


sealers, elicited bone necrosis [39]. Elevated formaldehyde was


also observed in patients with dental caries [40]. Cytotoxicity


resulting from excessive formaldehyde on human osteoblastic cells


has been considered to be an important factor in bone destruction


[41,42]. Formaldehyde can accumulate in bone marrow [34]. In


our present study, formaldehyde concentration was elevated to


about 0.6 mM in bone marrow of MRMT-1 bone cancer pain


model in rats (Fig. 1E). This level is high enough to be toxic to


osteoblastic cells. Bone destruction was found in the MRMT-1


bone cancer pain model in rats. Formaldehyde scavengers,


resveratrol and glutathione obviously decreased bone destruction


in the present study (Figs. 6B, 7A and 7B). Therefore, excessive


formaldehyde secreted by cancer tissues may play a role in bone


destruction. This bone destruction then contributes to cancer pain,


because nerve fiber endings innervating bone is more easily


exposed to tumor tissue-derived factors.


Formaldehyde induces pain responses via TRPV1 and/or
TRPA1


Breast, lung and bladder cancer patients frequently suffer from


bone cancer pain [5,6]. In the present study, mechanical allodynia


was found in breast cancer pain patients and in the affected hind


Figure 3. Capsaicin- or formaldehyde (100 ml/paw)-induced acute pain responses. (A) Melatonin, capsazepine and AP-18 attenuated
formaldehyde-induced pain responses. (B) Low pH enhanced formaldehyde-induced pain responses. (C) Melatonin (MT) and capsazepine (CPZ)
blocked capsaicin (0.5 mM)-induced pain responses. (D) AP-18 did not block capsaicin-induced pain responses. Con: control; DMSO: vehicle; CAP:
capsaicine. * p,0.05, ** p,0.01, ## p,0.01, & p,0.05, && p,0.01, all compared with respective controls. n = 10.
doi:10.1371/journal.pone.0010234.g003
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paw in the MRMT-1 breast cancer pain model rats (Fig. 7, B and


C); this result is similar to that observed in a previous report [43].


The MRMT-1 bone cancer pain model is widely used in breast


cancer bone pain research [44]. TRPV1 antagonists attenuated


endogenous formaldehyde-induced bone cancer pain behaviors


(Fig. 7, B and C). The selective TRPV1 antagonists, such as iodo-


resiniferatoxin [45] and capsazepine, and the non-selective


antagonist ruthenium red [46], inhibited formalin-induced pain


behaviors. These findings suggest that TRPV1 may participate in


formaldehyde-evoked pain. In our behavior tests, we found that


formaldehyde at low pathological (3 mM, based on concentration


detected in human cancer tissues) in an acidic environment


induced rat pain responses via TRPV1 in vivo (Fig. 3B).


Capsazepine (a TRPV1 antagonist) attenuated capsaicin- or


formaldehyde- (pH 6.0) induced pain responses in rats (Fig. 3,


B–D). A recent study also showed that TRPV1 participates in


nociception especially under extremely acidic conditions [16].


Recent researches have shown that both TRPA1 and TRPV1


are possible targets of endogenous formaldehyde in vitro and in vivo


[9]. In the report of Macpherson et al, formaldehyde-evoked


calcium responses in DRG neurons and nocifensive behaviors


were almost abolished in TRPA12/2 mice. At the same time,


formaldehyde could still evoke pain responses in the TRPA12/2


mice. This suggests that formaldehyde does not merely activate


TRPA1. In our present study, formaldehyde (.0.1 mM) was


found to activate TRPV1 (Fig. 1A), especially in the acidic


environment. We think that TRPV1 or TRPA1 are all under the


mechanisms of pain. AP-18 (a TRPA1 antagonist) partially


decreased formaldehyde-induced pain (pH 5.0,6.0) and did not


attenuated capsaicin-induced pain behaviors (Fig. 3B). This


implies that under an acidic microenvironment of cancer tissues,


TRPV1 may play a more critical role than TRPA1. Whether


TRPA1 also participates in bone cancer pain is unknown, but will


be investigated in our further research.


Formaldehyde under acidic environment induces pain
responses via TRPV1


With patch clamp recording, it was found that formaldehyde


(.3 mM) activated TRPV1 directly in TRPV1-transfected CHO


cells. While neither an acidic environment alone (pH 6.0), nor


formaldehyde at low concentration alone (,3 mM) elicited


currents, formaldehyde at the same low concentration under an


acidic environment (pH 6.0) dose-dependently induced currents


via TRPV1 (Fig. 5, A and B). In fact, formaldehyde (1,10 mM)


did not elicit currents in ASIC1a-transfected CHO cells (data not


shown). These data indicate that TRPV1 (and not ASIC1a) is the


direct target of formaldehyde, especially formaldehyde in an acidic


environment. Formaldehyde also enhanced capsaicin-induced


currents in vitro (Fig. 5, C and D). Formaldehyde level was


elevated to about 0.6 mM in the bone morrow of this model in vivo


(Fig. 1E), and formaldehyde (1 mM) under an acidic environment


(pH 5.0) elicited C-fiber discharges in vivo (Fig. 5, E and F).


Formaldehyde-induced pain responses in rat were obviously


enhanced under an acidic environment (pH 5.0) in vivo (Fig. 3, A


and B). It has been reported that microenvironment of tumor


tissues has pH values of 4,5 [12], and that pain behaviors could


be induced at a pH as low as 5.0 through activation of ASICs and/


or TRPV1 [15]. These data suggests that accumulated formalde-


hyde and acidic environment in tumor tissues synergistically


induce pain responses by activating TRPV1 in afferent C-fiber of


bone marrow or skin.


Moreover, formaldehyde up-regulated NGF expression in mast


cells in vitro, and NGF secreted by mast cells and macrophages could


up-regulate TRPV1 [2]. This implies that formaldehyde secreted by


tumor tissues possibly up-regulates TRPV1 expression. Interesting-


ly, over-expression of TRPV1 has been found in bone morrow,


DRG neurons and afferent C-fibers in bone cancer pain models


[1,47]. Therefore, we hypothesize that the proliferating cancer cells


secrete excessive endogenous formaldehyde in the initial stages, and


then formaldehyde up-regulates TRPV1 expression in the afferent


nerves. Consequently, over-expression of TRPV1 increases me-


chanical sensitization by decreasing pain thresholds of patients with


cancer. Then, as the tumor progresses, acceleration of acidification


and chronic accumulation of formaldehyde lead to mechanical


allodynia or severe pain via ASICs and/or TRPV1 in skin or bone


marrow of the cancer patients (Fig. S2).


Although, blockade of TRPV1 has been suggested as a possible


therapeutic target to relieve pain [1], recent research has shown


that the chronic blockade of this receptor may increase risk of


cancer development [48]. In our study, we found that although


capsazepine and melatonin all attenuated bone cancer pain


responses, they did not decrease local formaldehyde levels in


spinal cord and blood (Fig. S1, A and B). More importantly,


formaldehyde can promote proliferation of cells [49], and it is a


risk factor for cancer development [7]. This hints that formalde-


hyde may be a critical factor of the glial over-proliferation in the


spinal cord of this bone cancer pain model [44]. Interestingly,


melatonin has been used clinically for breast cancer [50]. We


found that it inhibited acute formaldehyde- and capsaicin-induced


pain behaviors (Fig. 3, A and C), as shown previously [22,51–52];


and it blocked formaldehyde or capsaicin-elicited Ca2+ influx in


DRG neurons and TRPV1-transfected CHO cells (Fig. 4). But,


the melatonin receptor is not expressed in DRG neurons and


CHO cells [53,54]. Melatonin may act by antagonizing TRPV1.


Potential side effects of chronic blockade of TRPV1 require


further investigation.


Formaldehyde scavengers decrease pain responses by
decreasing formaldehyde level


In the classical formalin test, resveratrol (exogenous formalde-


hyde scavenger) [55,56] and glutathione (endogenous formalde-


hyde scavenger) [57–59] inhibited formalin-induced pain respons-


es (Fig. 3, C and D). To test whether resveratrol and glutathione


are formaldehyde scavengers, at the molecular level, we found that


resveratrol and glutathione brought about chemical deactivation


of formaldehyde in vitro (Fig. 6B). At the cellular level, they also


inhibited formaldehyde-induced neurotoxicity (Fig. 6, C and D); at


the tissues level, resveratrol and glutathione attenuated MRMT-1


bone cancer pain responses in rats by decreasing endogenous


formaldehyde levels in the spinal cord in vivo (Fig. S1A). These


data further confirm that they are formaldehyde scavengers.


Resveratrol inhibits proliferation of cancer cell by scavenging


Figure 4. Formaldehyde-induced increase in cytosolic [Ca2+]i in cultured DRG neurons and in TRPV1-CHO cells. (A) Formaldehyde-
induced dose-dependent increase of cytosolic [Ca2+]i in DRG neurons. (B) Statistical analysis of formaldehyde-induced [Ca2+]i influx in DRG neurons.
(C and D) Inhibition of capsazepin (CPZ, 100 mM) and melatonin (MT, 200 mM) on formaldehyde-induced [Ca2+]i influx in DRG neurons. (E and F)
Inhibition of MT and CPZ on capsaicin (CAP, 10 mM)-induced Ca2+ influx in DRG neurons. (G) Formaldehyde-induced dose-dependent increase of
cytosolic [Ca2+]i in TRPV1-CHO cells. (H) Statistical analysis of formaldehyde-induced Ca2+ influx in TRPV1-CHO cells. (I and J) Inhibition of MT and CPZ
on formaldehyde-induced Ca2+ influx in TRPV1-CHO cells. ** p,0.01, compared with controls. n = 5,10.
doi:10.1371/journal.pone.0010234.g004
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Figure 5. Enhancement of low pH on formaldehyde- or capsaicin-induced TRPV1 currents in TRPV1-CHO cells in vitro and
formaldehyde-induced C-fiber discharges in vivo. (A) Formaldehyde (FA)-induced currents and pH 6.0 enhancement on the currents with
patch clamp recording. TRPV1 antagonist capsazapine (CPZ) inhibited both the formaldehyde-induced currents and the pH 6.0 enhancement. (B)
Statistical results of low pH enhancement of formaldehyde-induced currents. (C) Formaldehyde enhancement on capsaicin (CAP)-induced currents.
(D) Statistical results of formaldehyde enhancement on capsaicin-induced currents. n = 6,10. (E) Formaldehyde-induced C-fiber discharges under an
acidic environment (pH 5.0) with extracellular recording in normal rats. The discharge was inhibited by CPZ. (F) Statistical results of CPZ inhibition on
the formaldehyde-induced C-fiber discharges. * p,0.05, ** p,0.01. n = 3.
doi:10.1371/journal.pone.0010234.g005
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intracellular endogenous formaldehyde [60]. This may be the


mechanism by which resveratrol defends against all kinds of


cancer [61]. A previous study showed that the level of glutathione


was significantly decreased in the blood of patients with breast


cancer [62]. Moreover, by conferring resistance to a number of


chemotherapeutic drugs, elevated levels of glutathione in tumor


cells are able to protect these cells in bone marrow, breast, colon,


larynx and lung cancers [63]. Both resveratrol and glutathione


compounds are antioxidants. Interestingly both TRPA1 and


TRPV1 are activated by oxidative stress [64,65]. The antioxidant


effect of resveratrol and glutathione may partially prevent


oxidative stress-induced pain.


In summary, the present study indicates that accelerated


acidification and chronically accumulated formaldehyde which


are derived from local cancer tissues synergistically stimulate nerve


fiber endings and lead to bone cancer pain. Use of formaldehyde


scavengers may be a novel therapeutic approach for treatment of


bone cancer pain.


Materials and Methods


Ethics statement
All experiments involving animals were conducted with the


approval of the Peking University Animal Care and Use


Committee. Informed consent was obtained for all participants


and written by themselves. All the clinical investigation was


performed after approval by the Ethics Committee of Peking


University Health Science Center.


Cancer tissues from patients suffered from bone cancer
pain after clinic pain assessment


In all cases, bone cancer pain was indicated based upon clinical


diagnosis. A questionnaire which included a diagram to indicate


painful and tender areas and the pain descriptors from the McGill


Pain Questionnaire were produced, along with a 10-cm unmarked


visual analogue scale (VAS), and VAS scores marked by the


patient in centimeters being more than zero to identify those


Figure 6. Inhibition of formaldehyde scavengers on formaldehyde-induced neurotoxicity. (A) Formaldehyde (FA) decreased cell viability
of the cultured DRG neurons with a dose-dependent manner. (B) Chemical reaction of formaldehyde with resveratrol and glutathione. (C) Resveratrol
(Res) and (D) glutathione (GSH) inhibition on the formaldehyde-induced cell viability decrease. * p,0.05, ** p,0.01, # p,0.05, ## p,0.01. n = 6.
doi:10.1371/journal.pone.0010234.g006
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patients with breast pain [66]. Nineteen breast cancer pain


patients and 6 normal women carried out the clinical pain


assessment by doctors. Tumor samples from 19 breast cancer


patients and clinic data were provided by the Department of


General Surgery, Peking University Third Hospital. Tissues


adjacent to breast cancer were adipose tissue and were not used


in this study. Tumor samples from 10 lung cancer patients which


included adenocarcinoma, squamous cell carcinoma and pulmo-


nary lymphoma were provided by the Department of Thoracic


Surgery, Peking University People’s Hospital, tissues adjacent to


cancer were obtained from 4 lung cancer patients. Both cancer


tissues and tissues adjacent to cancer were frozen immediately with


and stored in liquid nitrogen until they were used for evaluation of


formaldehyde concentration.


Bone cancer pain rat model
A rat bone cancer pain model was established using Sprague-


Dawley rats with MRMT-1 rat mammary gland carcinoma in a


manner similar to that in a previous report [67]. After anesthesia,


the tibia was carefully exposed and a 23-gauge needle was inserted


into the intramedullary canal of the bone. It was then removed


and replaced with a long thin blunt needle attached to a 10-ml


Hamilton syringe containing carcinoma cells. A volume of 4 ml


containing MRMT-1 cancer cells (46104), heat-killed cancer cells


Figure 7. Inhibition of TRPV1 antagonists or formaldehyde scavengers on rat MRMT-1 bone cancer pain behaviors. (A) Radiological
confirmation of tumor development in the tibia of MRMT-1 pain model rats. (B) Scores related to the tibia (bone) in different treatment groups. n = 4.
(C) Thermal hyperalgesia. Formaldehyde scavengers resveratrol (Res, 0.4 mg/ml) and glutathione (GSH, 25 mg/ml), TRPV1 antagonists capsazepine
(CPZ, 0.1 mg/ml) and melatonin (MT, 5 mg/ml) increased hot plate latency. (D) Mechanical allodynia. Res, GSH, CPZ and MT increased mechanical
threshold. * p,0.05, ** p,0.01; # p,0.05, ## p,0.01, $ p,0.05, compared with respective PBS groups. n = 10. Killed: heat-killed group.
doi:10.1371/journal.pone.0010234.g007
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or phosphorylated buffer solution (PBS) was injected into the bone


cavity. Following injection, the entry site on the bone was sealed


with bone wax. Doses of test reagents were given at 9, 11, 13 and


15 day respectively, including capsazepine (intravenous injection


through the tail or intraperitoneal injection, i.p.) and resveratrol


(i.p.). These regents were dissolved in DMSO (final concentration


,10%). Glutathione (i.p.) was dissolved in normal saline. All


reagents were obtained from Sigma, unless otherwise indicated.


The bone marrow and spinal cords of these rats were taken out for


formaldehyde measurement with HPLC.


To assess the bone destruction after inoculation, tibial bone


radiographs from both hind limbs on 7 and 15 days were taken


with a Digital Radiographer System (E-COM Technology Co.


Ltd., Guangdong, China). Radiological scores were given based on


careful, blind analysis of radiographs, taken from the ipsilateral


and contralateral legs of MRMT-1-treated, heat-killed MRMT-1-


treated, vehicle-treated and naive rats (n = 4 for each group).


Scores were given as in previous report [44]. All scores related to


the tibia (bone): 0, normal bone structure without any sign of


deterioration; 1, small radiolucent lesions in the proximal


epiphysis, close to the site of the injection; 2, increased number


of radiolucent lesions, loss of medullary bone; 3, loss of medullary


bone, plus erosion of the cortical bone; 4, full thickness unicortical


bone loss; 5, full thickness bicortical bone loss and displaced


fractures.


Hot plate test for thermal hyperalgesia
Male Sprague-Dawley rats (150,200 g) were provided by the


Department of Animal Science of Peking University. Animals were


raised under natural diurnal cycles and had free access to water


and food. They were habituated to the testing paradigms for 3,5


days before experiment. Animal treatment was in compliance with


the Guidelines of the International Association for the Study of


Pain [68]. On days 1, 3, 7, 11 and 15 after injection of MRMT-1


cells, heat-killed cells or PBS injection, thermal hyperalgesia was


tested with hot plate. Rats were habituated to the experimental


environment for 30 min in their home cage. Rats were placed on


the hot plate (5260.5uC) and the interval time until the rat jumped


or licked either of its hind paws was recorded as hot plate latency.


Following a response, the rat was immediately removed from the


plate. Each test was repeated three times with a 15 min interval


between tests [69].


Von Frey hair test for mechanical allodynia
Each animal was placed in a clear Plexiglas compartment with a


mesh floor and was allowed to habituate for 20 min. On days 1, 3,


7, 11 and 15 after injection of MRMT-1 cells, heat-killed cells or


PBS, mechanical allodynia was evaluated with application of von


Frey hair (Semmes-Weinstein Monofilaments, North Coast Medial


Inc., San Jose, CA) in ascending order of force (0.41,15.1 g) to


the plantar surface of the hind paw. The rat was placed in the test


box and allowed to settle in for 5,10 min. An ascending series of


von Frey hairs with logarithmically incremental stiffness (0.40, 0.60,


1.4, 2.0, 4.0, 6.0, 8.0, and 15.0 g) were applied perpendicular to


the mid-plantar surface (avoiding the less sensitive tori) of each


hind paw. Each von Frey hair was held about 1,2 s, with a 10-min


interval between each application. A trial began with the


application of the 2.0 g von Frey hair. The positive response was


defined as a withdrawal of hind paw upon the stimulus. Whenever


a positive response to a stimulus occurred, the next lower von Frey


hair was applied, and whenever a negative response occurred, the


next higher hair was applied. The testing consisted of five more


stimuli after the first change in response occurred, and the pattern


of response was converted to a 50% von Frey threshold using the


method as previously reported [70].


Classic formalin-induced spontaneous pain (formalin
test)


Following a 30-min habituation to the observation cage, male


Sprague-Dawley rats (300,350 g) received an s.c. injection of


50 ml of a 5% formalin (1662 mM formaldehyde) solution into the


dorsal aspect of the right hind paw. Nociceptive behaviors which


were recorded included flinching, licking or biting the injected paw


as previously described [22,51]. Test reagents with or without


formalin was injected into paw plantar aspect of the paw.


Capsazepine, melatonin, AP-18 and resveratrol were dissolved in


DMSO (final concentration ,10%); formalin and glutathione


were dissolved in normal saline.


Formaldehyde test for acute nociception
Following a 20 min adaptation, rats received a subcutaneous


injection of formaldehyde (0.1,100 mM) at pH 5.0 or 6.0


(mimicking a moderate to severely acidic tumor microenviron-


ment) into the plantar of right hind paw using a microsyringe with


a 26-gauge needle. The length of time that the animals spent


flinching, lifting, licking or biting the injected paw was recorded


with a chronometer, and was considered as an indicator of pain


response in the early phase (0,5 min) as previously described


[46]. Agonists or antagonists (100 ml/paw) which were injected


included capsazepine, AP-18 and melatonin which were dissolved


in DMSO (final concentration ,10%). Formaldehyde was


dissolved in normal saline.


Cell culture
Chinese hamster ovary (CHO) cells were cultured in Ham’s F-


12 medium. MRMT-1 rat mammary gland carcinoma cells


(Novartis Oncology Research, Basel) and H1299 human lung


cancer cells were cultured in RPMI 1640 (Gibco) medium, human


SY5Y cell lines were cultured in Dulbecco’s modified Eagle’s


medium (DMEM). All culture dishes were kept in an incubator


under a humidified atmosphere (37uC, 95% air and 5% CO2).


Dorsal root ganglion (DRG) neuron culture was carried out


following a modification of a previously described procedure [71].


Briefly, DRG from 3-week-old SD rats were digested with trypsin/


EDTA solution for 40 min and dissociated in growth medium


containing DMEM, 5% inactivated fetal bovine serum, 5 mM


glutamine, B27 supplement (GIBCO), 100 ng/ml of nerve growth


factor (Becton Dickinson) and 0.6% dextrose. Cells were seeded at


a density of 56105 per well. After 2 days, cultures were treated


with 10 mM cytosine arabinoside to control growth of dividing


cells. Cells were used one week after culture.


Cell viability assayed with MTT
MTT solution was prepared in complete medium to a


concentration of 1 mg/ml just before use. Cells were diluted in


fresh complete medium and seeded in 96-well plates. After


allowing overnight attachment, cells were treated with various


concentrations of formaldehyde or reagents for 4 h. Optical


density were determined by a spectrophotometer.


Formaldehyde measurement with high performance
liquid chromatography with fluorescence detection
(Fluo-HPLC)


Media from the cultured cancer cell lines, bone marrows, the


homogenate of spinal cords of model rats and cancer patient tissue


specimens were harvested for formaldehyde assay. An HP 1100
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HPLC Instrument (Hewlett-Packard, USA) with a fluorodetector


was used. The method was as described in our previous report [72].


Cytosolic Ca2+ concentration in TRPV1-transfected CHO
cells and DRG neurons


For transfection of CHO cells with TRPV1 plasmids, CHO


cells were harvested after brief trypsin digestion and seeded onto


confocal plate chambered cover-glasses (LabTek, Nunc) precoated


with 20 mg/ml poly-L-lysine. Actively growing cells were trans-


fected with a pcDNA3.1-TRPV1 plasmid by lipofectamine plus


(Life Technologies, Rockville, MD, USA). Control cells were


transfected with pcDNA3.1 plasmid only. After 16,24 h culture,


cells were challenged with formaldehyde or capsaicin. DRG


neurons were freshly isolated with trypsin and collegenase


digestion as in our previous report [73].


TRPV1-CHO cells and DRG neurons were loaded with 50 mM


Fluo-3/AM (Molecular Probes) and incubated for 30 min at 37uC.


Fluo-3/AM was excited at 488 nm, and its emitted fluorescence


was collected at 515 nm. The control bath solution (pH 7.4) was


used as described previously [69]. Changes in cytosolic [Ca2+]i


concentration in the TRPV1-CHO cells and in the DRG neurons


were measured with a confocal laser scanning microscope (Leica


Company Ltd., Germany).


Whole cell patch-clamp recording of TRPV1 current in
vitro


Recordings in TRPV1-CHO cells were made with standard


whole-cell patch-clamp method as described in our previous


report [73]. Experiments were carried out at room temperature


(22,24uC). The extracellular solution consisted of 130 mM NaCl,


5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 30 mM glucose and


25 mM HEPES-NaOH and the pH was adjusted to 7.3. Patch


pipettes (resistance 2,5 MV) were filled with 140 mM CsCl, 4 mM


MgCl2, 10 mM EGTA and 10 mM HEPES-CsOH (pH 7.3).


Reagents were applied with an automated perfusion device.


Extracellular electrophysiological recording of C-fiber
firing in vivo


Male Sprague-Dawley rats weighing 300,350 g were anesthe-


tized with urethane (1.5 g/kg, i.p.). Animal preparation and the


teased fiber recording method were carried out as previously


reported [73]. Briefly, the L5 dorsal root was exposed by lumbar


laminectomy and covered with warmed (36uC) paraffin oil. Fine


axon bundles (microfilaments), cut centrally but in continuity with


the DRG distally, were separated from the dorsal root near its


point of entry into the spinal cord. C-fiber was recorded for 2 min


to detect its receptive field and to confirm its conduction velocity


(less than 2.0 m/s). C-fiber firing within the following 5 min was


taken as the basal firing. After injection of 1 mM formaldehyde


with pH 5.0 (mimicking an extremely acidic tumor microenvi-


ronment) or vehicle only (normal saline, pH 5.0) into the receptive


field of a C-fiber, firing was recorded for another 5 min. The


frequency of the C-fiber firing before and after formaldehyde


injection was compared.


Data analysis
Data are expressed as mean 6 S.E.M. Data from in vitro


experiments were analyzed using the Student’s t test for


comparison of independent means. In vivo data were analyzed by


analysis of variance (ANOVA) followed by Dunnett’s post hoc test


repeated measures of ANOVA, and post hoc tests including


Student’s t test (ex vivo test). p values less than 0.05 were


considered statistically significant.


Supporting Information


Figure S1 Formaldehyde concentration in bone cancer pain


model rats in (A) spinal cord and (B) blood. In MRMT-1 pain


model of rats, formaldehyde (FA) concentration increased. TRPV1


antagonists capsazepine (CPZ 0.1 mg/ml) and melatonin (MT,


5 mg/ml) had no obvious influence on formaldehyde concentra-


tion, but formaldehyde scavengers resveratrol (Res, 0.4 mg/ml)


and glutathione (GSH, 25 mg/ml) decreased FA concentration. *


p,0.05, ** p,0.01; # p,0.05, ## p,0.01, all compared with


PBS groups. n = 10.


Found at: doi:10.1371/journal.pone.0010234.s001 (0.33 MB


TIF)


Figure S2 A putative scheme that excessive formaldehyde


secreted by tumor tissues and its induction on bone cancer pain


under an acidic microenvironment.


Found at: doi:10.1371/journal.pone.0010234.s002 (4.24 MB


TIF)
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Low folate intake as well as alterations in folate metabolism as a
result of polymorphisms in the enzyme methylenetetrahydrofolate
reductase (MTHFR) have been associated with an increased inci-
dence of neural tube defects, vascular disease, and some cancers.
Polymorphic variants of MTHFR lead to enhanced thymidine pools
and better quality DNA synthesis that could afford some protection
from the development of leukemias, particularly those with trans-
locations. We now report associations of MTHFR polymorphisms in
three subgroups of pediatric leukemias: infant lymphoblastic or
myeloblastic leukemias with MLL rearrangements and childhood
lymphoblastic leukemias with either TEL-AML1 fusions or hyper-
diploid karyotypes. Pediatric leukemia patients (n 5 253 total) and
healthy newborn controls (n 5 200) were genotyped for MTHFR
polymorphisms at nucleotides 677 (C3T) and 1,298 (A3C). A
significant association for carriers of C677T was demonstrated for
leukemias with MLL translocations (MLL1, n 5 37) when compared
with controls [adjusted odd ratios (OR) 5 0.36 with a 95% confi-
dence interval (CI) of 0.15–0.85; P 5 0.017]. This protective effect
was not evident for A1298C alleles (OR 5 1.14). In contrast,
associations for A1298C homozygotes (CC; OR 5 0.26 with a 95%
CI of 0.07–0.81) and C677T homozygotes (TT; OR 5 0.49 with a 95%
CI of 0.20–1.17) were observed for hyperdiploid leukemias (n 5
138). No significant associations were evident for either polymor-
phism with TEL-AML11 leukemias (n 5 78). These differences in
allelic associations may point to discrete attributes of the two
alleles in their ability to alter folate and one-carbon metabolite
pools and impact after DNA synthesis and methylation pathways,
but should be viewed cautiously pending larger follow-up studies.
The data provide evidence that molecularly defined subgroups of
pediatric leukemias have different etiologies and also suggest a
role of folate in the development of childhood leukemia.


Pediatric acute leukemia represents a group of diseases with-
out evidence for highly penetrant germ-line-inherited sus-


ceptibility except for cases with rare genetic instability syn-
dromes or immunodeficiency thought to be involved in
approximately 5% of all cases. The causes of the majority of
pediatric acute leukemias are unknown and likely to involve an
interaction between the environment, hematopoietic develop-
ment, weak susceptibility loci within an individual’s genetic
constitution, and chance. The diversity of biological and molec-
ular subtypes of pediatric leukemias suggests that different
etiological factors, and perhaps different inherited susceptibility,
may play a role in specific subtypes (1). An example is the case
of infant leukemias with MLL translocations, in which molecular
and epidemiologic evidence implicate the activity of topoisom-
erase-II-inhibiting compounds in causation (2, 3). The influence
of gene-environment interaction was suggested in an association


of a null variant of a detoxifying enzyme, NAD(P)H:quinone
oxidoreductase (NQO1), with infant leukemias that have MLL
translocations (MLL1 leukemia; ref. 4). This association
seemed specific for MLL-rearranged leukemias and was not
apparent in other more common molecular subtypes of pediatric
leukemias (those with TEL-AML1 fusions and hyperdiploidy
[i.e., .50 chromosomes]).


The role of vitamin-dependent one-carbon (methyl group)
metabolism has come under intense scrutiny in recent years
leading to the discovery that disruption of homeostasis in the
one-carbon pool affects risks of heart disease, neural tube
defects, and cancer. Such disruption can occur in the presence of
deficiencies in the two essential micronutrients involved in this
metabolism: folate and cobalamin (vitamin B12). Alterations in
metabolism may occur also with genetic variation at any of the
more than two dozen enzymes directly involved in maintaining
homeostasis of the one-carbon pool, several of which are known
to be polymorphic. One-carbon metabolism is divided into two
main branches: one branch consists of reactions involving purine
and thymidine synthesis, and the other branch involving synthesis
of methionine and S-adenosylmethionine (AdoMet) for protein
and polyamine synthesis and methylation reactions (Fig. 1 Right
and Left, respectively). An enzyme that shunts methyl groups
from the first of these branches to the second is MTHFR.
MTHFR irreversibly converts 5,10-methylenetetrahydrofolate
(5,10-CH2-THF) to 5-methyl-THF, which then donates a methyl
group to homocysteine to produce methionine (Fig. 1). Individ-
uals who are severely deficient in MTHFR activity because of a
germline mutation have excessive amounts of homocysteine in
the blood and urine and develop severe mental retardation and
thrombo-occlusive vascular disease (5). Interestingly there exist
two common low-function polymorphic variants of MTHFR: the
T variant at nucleotide 677 (MTHFR C677T) and the C variant
at nucleotide 1298 (MTHFR A1298C). The first of these variants,
C677T, has been shown to be associated with higher baseline
homocysteine levels in the serum and is associated with in-
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creased risk of vascular disease and neural tube defects (6). This
polymorphism is linked paradoxically to a lower risk of colon
cancer (7–9). This lower risk is thought to be caused by the
increased fidelity of DNA synthesis afforded by the greater
availability of the MTHFR substrate 5,10-CH2-THF for DNA
synthesis, in particular the increased availability of methyl groups
for conversion of uracil to thymidine. Inadequate thymidine
pools result in increased incorporation of uracil into DNA
resulting in strand breaks (10), which are the precursors for
chromosome translocations and deletions.


Low-function variants of MTHFR have been reported to be
protective for adult acute lymphocytic leukemia (ALL; ref. 11).
For pediatric leukemia, we hypothesized that this protection
should be more pronounced in subtypes characterized by chro-
mosomal translocations, because the formation of translocations
in these leukemias are thought to involve DNA double-strand
break formation by means other than aberrant V(D)J recombi-
nase activity (12, 13). Both the most common translocations in
infant leukemia (MLL-AF4) and in common childhood ALL
(TEL-AML1) occur in utero in most if not all patients (14–16).
Pregnancy is a time of extreme folate requirement characterized
by the incidence of folate-responsive megaloblastic anemia in
24% of nonsupplemented pregnancies in undeveloped countries
and 2.5–5% of pregnancies in the developed world (17). This
form of anemia, as well as subtler biochemical and hematological
signs of deficiency, are caused ultimately when the synthesis of
thymidine is reduced beyond a critical level. Given the common
in utero origin of childhood leukemia translocations and the high
demands for folate, we predicted that MTHFR low-function
alleles would confer protection for pediatric leukemia with
translocations in a similar if not more pronounced fashion,
because these alleles protect against leukemia in adults. Sub-
groups of leukemia including those with MLL fusions and
TEL-AML1 fusions, as well as those with hyperdiploidy (.50
chromosomes in diagnostic karyotypes) were genotyped for
MTHFR in comparison with normal newborn controls.


Materials and Methods
Patients and Control Samples. Between 1992 and 1998, the United
Kingdom Childhood Cancer Study attempted to enroll all new


patients with childhood leukemia in the U.K. aged ,15 years
into a study testing five etiological hypotheses (18). Patient
samples taken at the time of diagnosis were screened and
classified for common molecular subgroups of pediatric leuke-
mia by banded karyotyping and fluorescence in situ hybridization
(for hyperdiploidy), banded karyotyping and reverse transcrip-
tion (RT) –PCR (for MLL fusions), and RT-PCR for
TEL-AML1 fusions (see ref. 18). Blood samples from patients at
the time of remission were stored also; aliquots of these remis-
sion samples were used for genotyping in the present study
except for 16 MLL1 samples in which remission DNA was not
available and diagnostic DNA was used instead. For the cases of
common ALL (cALL), available remission DNA samples were
used and not diagnostic DNA. Given that virtually all cALL
patients enter a first remission, selection of patients is not biased
by this parameter. Controls consisted of umbilical cord blood
samples obtained from unselected healthy newborn infants in the
Manchester, U.K. area and were all U.K. whites. A small
proportion (no greater than 14%) of cases was from minority
ethnic groups in the U.K. (i.e., U.K. Indian Asians, U.K. blacks,
and U.K. East Asians). No attempt was made to screen out such
individuals, but we have no evidence that they are represented
disproportionately in any leukemia subgroup. Ethnic heteroge-
neity among cases was not eliminated in these analyses because
of ambiguities in classification of some individuals as well as
some admixture. Enrolled in this study were 37 MLL-rearranged
infant leukemias, 78 TEL-AML11 leukemias, 138 hyperdiploid
leukemias, and 200 cord blood controls.


MTHFR Genotyping. Standard PCRyrestriction fragment length
polymorphism analysis was used for genotyping. The regions
containing the two polymorphisms were amplified separately.
For the nucleotide 677 polymorphism, the primers CCTTGAA-
CAGGTGGAGGCC (intronic) and CAAAGAAAAGCT-
GCGTGATGAT (exonic) were used (158-bp product), and for
the nucleotide 1,298, the primers GCAAGTCCCCCAAG-
GAGG and GGTCCCCACTTCCAGCATC were used (145-bp
product). PCR reactions (50 ml) contained 50 mM KCl, 10 mM
TriszHCl (pH 8.3), 2.5 pmol of each dNTP, 1.25 units of Taq
polymerase, and 80 ng of DNA and were cycled 40 times (1 min
at 94°C, 1 min at 60°C, 1 min at 72°C). Amplification success was
monitored by agarose electrophoresis. The remainder of the
PCR reaction was subjected to digestion with HinF1 (for nucle-
otide 677) or MboII (for nucleotide 1,298) and subjected to
electrophoresis in 0.7% agarose with 2% Synergel (Diversified
Biotech). For the case of nucleotide 677, an undigested PCR
product (158 bp) indicated a homozygous wild type, three bands
of 158, 130, and 28 bp indicated a heterozygous, and two
fragments of 130 and 28 bp indicated a homozygous variant
individual. For the case of nucleotide 1,298, three fragments of
29, 37, and 79 bp indicated wild type, four fragments of 29, 37,
79, and 108 bp indicated heterozygous, and two fragments of 37
and 108 bp indicated homozygous variant individuals.


Statistical Analysis. Analyses used a combination of logistic
regression (19) and exact methods (20) and were implemented
in EGRET (21). Odds ratios (OR) and 95% confidence intervals
(CI) were calculated. All P values are two-sided, and where
logistic regression is applied, are based on the maximum likeli-
hood test. Adjusted estimates of the ORs are derived by
multivariate analyses and, when using exact methods, with
stratification of genotypes at one locus by genotypes at the other.
Formal testing of statistical interaction was based on logistic
regression modeling and on exact tests for equality of the ORs
for one genotypic variant across strata defined by genotypes at
the other locus. Exact methods were considered preferable
whenever expected numbers in any cell are less than five and for


Fig. 1. Overview of folic acid metabolism and the role of methylenetetra-
hydrofolate reductase (MTHFR). Critical metabolites with putative associa-
tions to disease are noted in boxes. Homocysteine accumulation is associated
with cardiovascular and neural tube malformations; deoxyuridine monophos-
phate accumulation is associated with cancer. AdoMet, S-adenosylmethi-
onine; THF, tetrahydrofolate; dUMP, deoxyuridine monophosphate; dTMP,
deoxythymidine monophosphate.
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consistency, most results reported here are based on exact
methods.


Results
Genotyping was successful for both polymorphisms on all indi-
viduals except for five TEL-AML11 and one hyperdiploid
leukemia that did not amplify for the nucleotide 1,298 polymor-
phism. These cases were excluded for analysis concern-
ing the nucleotide 1,298 polymorphism and the multivariate
analyses.


Control samples demonstrated allele frequencies of 35.8% for
C677T and 32.4% for A1298C (Table 1), which are close to the
range of 33–37% allele frequency found for these variants in
other studies of European whites (11, 22–24). The allele fre-
quencies of the polymorphisms in the leukemia subgroups varied
in both directions from the controls (Table 1). MLL1 leukemias
had a lower frequency of C677T alleles but a higher frequency
of A1298C. TEL-AML1 leukemias demonstrated the opposite
profile, whereas hyperdiploid leukemias had lower allele fre-
quencies than controls at both loci. The inclusion of no greater
than 14% of minority ethnic groups among the cases may bias the
genotype frequency downward for MTHFR C677T. U.K. Indian
Asian have an allele frequency of 15% (25) and Sub-Saharan
Africans of 6% (22), whereas East Asians have an allele fre-
quency similar to European whites at 35–40% (22, 26). In a large
U.K. study of childhood cancer and ethnic groups, similar
relative frequencies of leukemia (including the subgroups com-
mon ALL and B cell leukemia) were observed among U.K.
whites, U.K. Indian Asians, and U.K. blacks (27). Assuming
similar rates in the current study, the overall allele frequency of
the controls should decrease a minor 3% had the controls been


matched ethnically. An adjustment of ethnicity or the exclusion
of minorities in the analysis in the case-control comparisons
would not change any of the significant results to nonsignificance
(data not shown). Frequencies of the nucleotide 1,298 polymor-
phism in various ethnic groups are not known; however, our
major results for this polymorphism are based on excess of
CC-homozygous genotypes rather than allele frequency.


Statistical analyses were performed on each polymorphism
individually (Table 2) and on each polymorphism after adjusting
for the other (multivariate analysis, Table 3). Analyses are shown


Table 1. Allele frequencies of C677T and A1298C in study
population


Classification, n C677T, % A1298C, %


Control, 200 35.8 32.4
MLL, 37 21.6 40.5
TEL-AML11, 78 38.5 24.0
Hyperdiploid, 138 30.8 28.1


Table 2. Univariate analyses of MTHFR polymorphisms in molecular cytogenetic subgroups of the United Kingdom Childhood
Cancer Study


Variant


Leukemia: molecular subgroups N, % Controls MLL vs. controls TEL-AML1 vs. controls Hyperdiploid vs. controls


MLL1 TEL-AML11 Hyperdiploid N, % OR, 95% CI OR, 95% CI OR, 95% CI


C677T
CC 26 (70%) 31 (40%) 67 (49%) 89 (44.5%) 1.00* 1.00* 1.00*
CT 6 (16%) 34 (44%) 57 (41%) 79 (39.5%) 0.26 (0.10–0.66) 1.24 (0.70–2.19) 0.96 (0.60–1.53)
TT 5 (14%) 13 (17%) 14 (10%) 32 (16%) 0.53 (0.19–1.51) 1.17 (0.54–2.50) 0.58 (0.29–1.17)
p (heterogeneity)† 0.008 0.76 0.29
CT 1 TT‡ 11 (30%) 47 (60%) 71 (51%) 111 (55.5%) 0.34 (0.16–0.72) 1.22 (0.71–2.07) 0.85 (0.55–1.31)
P (heterogeneity)§ 0.004 0.47 0.46


A1298C
AA 13 (35%) 44 (60%) 65 (47%) 93 (47%) 1.00* 1.00* 1.00*
AC 18 (49%) 23 (32%) 67 (49%) 83 (42%) 1.55 (0.72–3.36) 0.59 (0.33–1.05) 1.16 (0.74–1.21)
CC 6 (16%) 6 (8%) 5 (4%) 23 (12%) 1.89 (0.64–5.44) 0.55 (0.21–1.45) 0.31 (0.11–0.86)
p (heterogeneity)† 0.40 0.14 0.02
AC 1 CC‡ 24 (65%) 29 (40%) 72 (53%) 106 (53%) 1.62 (0.78–3.36) 0.58 (0.34–1.00) 0.97 (0.61–1.50)
P (heterogeneity)§ 0.19 0.047 0.90


*Reference group.
†P value for heterogeneity across three categories.
‡Combined heterozygous and homozygous ‘‘variant’’ genotypes compared to homozygous ‘‘wild type’’ as reference.
§P value for heterogeneity across two categories.


Table 3. Multivariate analyses of individual MTHFR
polymorphisms, controlled for the other, in molecular
cytogenetic subgroups of the U.K. Childhood Cancer Study


MLL vs.
controls


TEL-AML1 vs.
controls


Hyperdiploid vs.
controls


C677T*
CC 1.00† 1.00† 1.00†‡


CT 0.29 (0.09–0.79) 1.09 (0.56–2.12) 0.82 (0.49–1.38)‡


TT 0.67 (0.16–2.53) 0.91 (0.33–2.44) 0.49 (0.20–1.17)‡


P value 0.032 0.91 0.18
CT 1 TT§ 0.36 (0.15–0.85) 1.03 (0.55–1.92) 0.82 (0.51–1.34)
P value¶ 0.017 1.0 0.47


A1298C*
AA 1.00† 1.00† 1.00†


AC 1.35 (0.53–3.63) 0.58 (0.30–1.13) 0.98 (0.58–1.64)
CC 1.33 (0.32–5.29) 0.56 (0.16–1.76) 0.26 (0.07–0.81)
P value 0.82 0.17 0.028
AC 1 CC§ 1.14 (0.49–2.73) 0.59 (0.31–1.08) 0.92 (0.57–1.49)
P value¶ 0.90 0.09 0.80


*OR for each variant adjusted by the other variant (95% confidence limits
derived using exact methods). Exact P values for ORs for one variant being
different across strata of the other all exceeded 0.7 (ie, no evidence of
statistical interaction).


†Reference group.
‡Test for trend from CC to CT and TT, P 5 0.075.
§Combined heterozygous and homozygous ‘‘variant’’ genotypes compared to
homozygous ‘‘wild type’’ as reference.


¶Adjusted P value for heterogeneity by levels of the variant (maximum like-
lihood test).
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for both heterozygotes and homozygotes at each polymorphism
individually and with the two combined into one group of
‘‘low-function’’ genotypes (Tables 2 and 3). A significant pro-
tective affect of the combined genotypes (CT 1 TT) at nucle-
otide 677 was shown for MLL1 leukemias (OR 5 0.34 with a
95% CI of 0.16–0.72, P 5 0.004; Table 2); this effect was scarcely
altered when controlled for nucleotide 1,298 (OR 5 0.36 with a
95% CI of 0.15–0.85; Table 3). When nucleotide 677 CT and TT
were considered separately, the protective effect seemed stron-
ger for the heterozygote CT (OR 5 0.26 with a 95% CI of
0.10–0.66; Table 2) although still evident for homozygote TT
(OR 5 0.53 with a 95% CI of 0.19–1.51). These OR estimates
on individual genotypes are imprecise because of the small
number of individuals in each group (six and five for CT and TT
genotypes, respectively). In contrast, for the MLL1 leukemias,
there was no evidence of a protective effect for the A1298C
variant (AC 1 CC, OR 5 1.62 with a 95% CI of 0.78–3.36; Table
2). An OR of greater than one indicates that the variant is an ‘‘at
risk’’ allele; however, it must be noted that the two alleles are in
tight negative linkage disequilibrium (28). After adjusting for the
nucleotide 677, the A1298C OR falls close to unity (OR 5 1.14
with a 95% CI of 0.49–2.73). There were no differences between
genotypes at either nucleotide 677 (P 5 0.45, Fisher’s exact test)
or nucleotide 1,298 (P 5 1) between the DNA samples obtained
at diagnosis (n 5 16) and remission (n 5 21), indicating no
observed effect of MTHFR genotype on likelihood of remission
and hence no detectable selection bias among these groups.


Although TEL-AML1 leukemias represent a translocation
subgroup like the MLL1 group, there was very little evidence of
association of these cases with either polymorphism. A margin-
ally significant association was apparent for TEL-AML1 leuke-
mias, in which combined AC 1 CC genotypes at nucleotide 1,298
were underrepresented in leukemias vs. controls (OR 5 0.58
with a CI of 0.34–1.00, P 5 0.05; Table 2).


A significant protective effect of the A1298C variant in its
homozygous form was apparent for hyperdiploid leukemias
(OR 5 0.31 with a 95% CI of 0.11–0.86; Table 2), which was
strengthened after adjusting for nucleotide 677 (OR 5 0.26 with
a 95% CI of 0.07–0.81; Table 3). This association was not
apparent in heterozygotes or with the combination of MTHFR
1298 AC with CC (OR 5 0.98; Table 3). There was some
evidence that C677T was protective for hyperdiploid leukemia;
the test for trend (across CC, CT, TT) approached statistical
significance in the multivariate analysis adjusting for genotype at
nucleotide 1,298. In tests for statistical interaction, all P values
for the multivariate analyses exceeded 0.5. Therefore, there is no
evidence of statistical interaction between the two polymor-
phisms in any of the three leukemia categories.


Discussion
Interest in folate and folate metabolism is high because of the
vast array of cellular reactions involving one-carbon units and
the wide variety of disease states resulting from deficiencies in
folate and cobalamin (vitamin B12; ref. 6). Even without overt
disease, modest perturbation of folate levels or metabolism is
thought to increase risk for vascular diseases and cancer. The
role of folate in cancer probably is due to defects in different but
related branches of folate metabolism including defective cell
division caused by a shortage of thymidine for DNA synthesis
and a shortage of methyl groups for DNA methylation. These
pathways have been linked to chromosome instability in both in
vitro and human studies of both cancerous and normal tissues
(29–32).


A central enzyme in folate metabolism is 5,10-methylenetet-
rahydrofolate reductase (MTHFR), which shunts methyl groups
from DNA synthesis to methylation pathways with the concom-
itant conversion of homocysteine to methionine (Fig. 1). The
low-function variant C677T causes an accumulation of homo-


cysteine and is associated with increased risk of vascular diseases,
especially in individuals under low-folate stress. However, this
same variant conserves folate within a cyclic pathway inside the
cell by shunting one-carbon groups toward thymidine and purine
synthesis, which may explain its association with the reported
lower risk for colorectal carcinoma and leukemia. The A1298C
polymorphism is less well characterized but is reported also
to be associated with a lower risk of leukemia development in
adults (11).


Starting with the hypothesis that different molecular subtypes
of leukemia will have different etiologies, we began with the
three most distinctive molecular subgroups of pediatric leuke-
mia. Very few studies have examined inherited susceptibility to
molecularly defined subtypes of childhood leukemia, and of
these, all have been restricted to infant leukemia. We acknowl-
edge that our series, although large in terms of molecular
subgroups, is nevertheless small in epidemiological terms. We
cannot exclude chance as an explanation for our positive results
nor lack of statistical power as explanation for our negative
results.


The best characterized subgroup is infant leukemia with MLL
translocations. These leukemias (AML and ALL) are known to
be initiated in utero and have been linked epidemiologically and
molecularly to the involvement of topoisomerase II-inhibiting
dietary andyor environmental chemicals (2, 3, 33–35). In addi-
tion, this subgroup has been associated with a low-function
variant of the NAD(P)H:quinone oxidoreductase gene, implicat-
ing the involvement of quinone-containing topoisomerase II-
inhibiting agents such as benzene and flavonoid metabolites (4).
We report here that this subgroup also has a lower frequency of
C677T alleles compared with controls (OR 5 0.36 with a 95%
CI of 0.15–0.85). The C677T polymorphism conserves intracel-
lular folate for DNA synthesis pathways (10); conservation of
folate for DNA synthesis would slow the incorporation of uracil
into DNA, a process that may protect against strand breaks and
MLL translocations. Our data are consistent with the hypothesis
that C677T may protect against the development of leukemia
with MLL translocations.


The MLL1 patients and controls reported here also were
genotyped for NQO1 alleles as previously reported (4). After
adjusting for NQO1 genotypes (NQO1 C609T heterozygotes and
homozygotes), the OR for MTHFR C677T was changed only
slightly (OR 5 0.41 vs. 0.36 without adjustment for NQO1; Table
3 and data not shown), suggesting that polymorphisms at these
two genes are independent modifiers of risk for MLL1 leuke-
mia. However, because of the small number of MLL1 patients
in the current study, these results should be viewed with caution.
Future studies of potential gene–environment interaction in the
etiology of infant leukemia should consider polymorphisms in
these genes with careful assessment of the appropriate environ-
mental stresses (i.e., diet and chemical exposure) that would
interact in individuals with at-risk alleles of both genes.


The other two molecular subgroups in this study, TEL-
AML11 and hyperdiploid leukemias, are similar to each other in
cell type (pre-B cell, common ALL), age of distribution, and
prognosis (1). The TEL-AML1 molecular lesion is known to
occur predominantly in utero (16) and has genomic sequence
features, suggesting that it arises from nonhomologous recom-
bination and error-prone repair following double-strand breaks
(13). Hyperdiploid ALL could have a similar origin, but direct
evidence for this is currently unavailable. The TEL-AML1
translocation itself is not sufficient for leukemia but requires a
second postnatal ‘‘hit’’ to induce overt leukemia (1). This event
most often seems to involve the deletion of the second TEL allele
(36) and can occur more than a decade after the occurrence of
the translocation in utero (37). The current study provides little
evidence for any MTHFR allelic association with TEL-AML1
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leukemia. However, low statistical power from the small number
analyzed means that a modest effect cannot be excluded.


Hyperdiploid leukemias are characterized by a change in
chromosome number, which are presumed to arise via mitotic
nondisjunction rather than DNA strand breaks or translocations.
We had not predicted an association between inherited MTHFR
alleles and hyperdiploid leukemias. However, to our surprise
these leukemias demonstrated significant associations. The most
significant result was for the A1298C CC homozygotes, which
were 4-fold less frequent as homozygote AA individuals in the
hyperdiploid cases compared with controls (OR 5 0.26 with a
95% CI of 0.07–0.81). An association was suggested also for
C677T (P 5 0.075, test for trend across TT, CT, CC). Given the
lower phenotypic effect of A1298C on MTHFR activity in vitro
and the complete lack of effect of this polymorphism on activity
in yeast-expressed MTHFR (38), it seems counterintuitive that
this is the most strongly associated allele. However, there is some
precedent for the stronger association of A1298C than C677T,
being provided by a study of MTHFR alleles in adult ALL (11).
We speculate that the effect of A1298C in the pathway toward
hyperdiploid leukemias is a result of perturbation of specific
attributes of one-carbon metabolism rather than simply a gen-
eralized repression of MTHFR activity. We emphasize that this
result could be attributable to chance, especially because no
prior hypothesis was involved.


One-carbon methylation pathways pass through AdoMet,
which is the cell’s primary methyl donor. MTHFR nucleotide
1,298 is located outside of the catalytic domain and on the
AdoMet-regulatory domain of the enzyme (39, 40), where it may
be involved in protein stabilization (38). It is possible that
A1298C polymorphism can in some fashion alter one-carbon
metabolism within a cell, potentially under conditions of folate
stress such as pregnancy, to prevent aberrant methylation pat-
terns that would lead to chromosome instability. Aberrant
methylation patterns are known to affect chromosome stability.
Hypomethylation was associated with chromosome instability in
a number of studies, e.g., see refs. 32, 41, and 42. Chromosome
instability is related also to constitutive genetic defects in DNA
methylation (42, 43) as well as methylation abnormalities devel-
oped during carcinogenesis (29, 44). Future studies will have to
tease out whether effects of MTHFR A1298C occur pre- or
postnatally in children who develop hyperdiploid leukemias, and
whether this putative pathway is preventable with supplemen-
tary dietary folate.


One further speculation prompted by these data concerns the
frequency of the particular chromosome involvement in hyper-
diploid ALL. The most frequent chromosome with one or two
extra copies is chromosome 21. No fewer than 97% of hyper-
diploid leukemias have extra copies of chromosome 21 (45), and
chromosome 21 is the only chromosome that occurs as a sole
(nonconstitutive) trisomy in ALL (46). This chromosome har-


bors the reduced folate carrier gene (RFC), which is important
for the cells’ uptake of folate from serum. When cells are stressed
for folate under in vitro culture conditions, they respond by
amplifying or up-regulating the RFC gene in an attempt to
sequester folate from the serum (47, 48). This sort of mechanism
would be critical especially for individuals with variant MTHFR
alleles who are known to have lower serum folate. It is possible
therefore that the gain of an extra chromosome 21, perhaps
generated randomly, would be maintained with selective advan-
tage (in relation to concomitant nondisjunction of other chro-
mosomes) because of the gene dosage effect of added RFC
expression. Additional copies of chromosome 21 will be associ-
ated with additional RFC expression and greater folate uptake
that therefore provides a plausible functional explanation for the
preferential involvement of chromosome 21 in pediatric ALL
(49, 50). Additionally, leukemias with hyperdiploidy including
trisomy chromosome 21 are highly responsive clinically (and
curable) accumulating high levels of the folate analog, metho-
trexate (51).


Over 80% of whites and East Asians carry an MTHFR variant,
and 40% of people carry two. This means that 40% of the
population carries two variant allelic copies of MTHFR (because
the alleles are in negative linkage disequilibrium—i.e., the alleles
are inherited on separate chromosomes) rendering the concept
of a ‘‘wild-type’’ MTHFR individual irrelevant. This high fre-
quency of MTHFR polymorphisms combined with the apparent
associations with childhood and adult leukemia provide evi-
dence that the attributable risk of childhood leukemia caused by
altered features of one-carbon metabolism involving folate may
be quite high. Future studies would need to confirm the asso-
ciations found in this study and might consider MTHFR and
other one-carbon enzyme polymorphisms combined with an
assessment of total folate intake at appropriate times to estimate
the gene–environment interaction in the etiology of leukemia.
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Multipotent Stem Cells From Adult Olfactory
Mucosa
Wayne Murrell,1*† François Féron,1†‡ Andrew Wetzig,1 Nick Cameron,1 Karisha Splatt,1


Bernadette Bellette,1 John Bianco,1 Chris Perry,2 Gabriel Lee,3 and Alan Mackay-Sim1


Multipotent stem cells are thought to be responsible for the generation of new neurons in the adult brain.
Neurogenesis also occurs in an accessible part of the nervous system, the olfactory mucosa. We show here
that cells from human olfactory mucosa generate neurospheres that are multipotent in vitro and when
transplanted into the chicken embryo. Cloned neurosphere cells show this multipotency. Multipotency was
evident without prior culture in vitro: cells dissociated from adult rat olfactory mucosa generate leukocytes
when transplanted into bone marrow–irradiated hosts, and cells dissociated from adult mouse olfactory
epithelium generated numerous cell types when transplanted into the chicken embryo. It is unlikely that
these results can be attributed to hematopoietic precursor contamination or cell fusion. These results
demonstrate the existence of a multipotent stem-like cell in the olfactory mucosa useful for autologous
transplantation therapies and for cellular studies of disease. Developmental Dynamics 233:496–515, 2005.
© 2005 Wiley-Liss, Inc.
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INTRODUCTION


In recent years, neural stem cells have
been shown to be capable of differen-
tiating into non-neural cell types, sug-
gesting a broad developmental capac-
ity that can be directed by the
surrounding environment in vitro or
in vivo (Reynolds and Weiss, 1992;
Bjornson et al., 1999; Clarke et al.,
2000; Rietze et al., 2001). A potential
source of such neural stem cells is the
olfactory mucosa, the sense organ of
smell. Vigorous neurogenesis contin-
ues in this tissue throughout adult
life, replacing the olfactory sensory
neurons (Graziadei and Monti Grazia-
dei, 1979; Calof and Chikaraishi,


1989; Mackay-Sim and Kittel, 1991;
Pixley, 1992; Mahanthappa and
Schwarting, 1993; MacDonald et al.,
1996; Newman et al., 2000). Olfactory
neurogenesis is regulated by the same
growth factors that control neurogen-
esis in the central nervous system
(Mackay-Sim and Chuah, 2000) and
occurs in adult human (Wolozin et al.,
1992; Murrell et al., 1996; Féron et al.,
1998). We reasoned that the olfactory
mucosa may contain a neural stem cell
that would have a developmental po-
tency similar to other neural stem cells.


Neural stem cells from the forebrain
typically grow in vitro as “neuro-
spheres” (Reynolds and Weiss, 1992),


and these neurospheres have become
a surrogate assay for neural stem
cells. Neurospheres derived from ol-
factory mucosa can give rise to neu-
rons and glia (Roisen et al., 2001). The
aim of the present study was to test
whether the olfactory mucosa con-
tains a neural stem cell with the broad
developmental potency ascribed to
other adult stem cells and able to give
rise to cells outside the neural lineage.
This potential is predicted from recent
studies in which it is reported that
basal cells of the olfactory epithelium
gave rise to the non-neural cells of the
olfactory mucosa (Carter et al., 2004;
Chen et al., 2004). The specific aim
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here was to investigate whether this
multipotency extended to cells of tis-
sues outside the olfactory mucosa.
Our hypothesis is that the presence of
a sufficiently primitive “stem cell” will
exhibit potency in response to the en-
vironment into which the cells are
placed (Clarke et al., 2000).


“Stem cells” from adult tissues are
generally named after the tissue to
which they normally give rise, such as
“neural stem cell” and “hematopoietic
stem cell.” A stem cell should exhibit
properties of self-renewal and the
ability to give rise to multiple cell lin-
eages. Definitions of stem cells vary
from pluripotent cells that give rise to
all cells of the body (as presumed for
embryonic stem cells), to multipotent
cells that give rise to all cells within a
tissue (as presumed for hematopoietic
stem cells and neural stem cells). The
question addressed here is whether a
cell derived from the olfactory mucosa
has properties of a stem cell, that is,
self-renewal and multipotency. A sec-
ond question is whether the develop-
mental potency extends to tissues be-
yond the olfactory mucosa.


Three complementary sets of exper-
iments are presented here that inves-
tigate the multipotency of a putative
olfactory stem cell. (1) Neurospheres
derived from human olfactory mucosa
were examined for their multipotency
in a variety of environments in vitro
and after transplantation into the
chick embryo. (2) Cells dissociated
from mouse olfactory epithelium were
transplanted into chick embryo. (3)
Cells dissociated from rat olfactory
mucosa were transplanted into bone
marrow–irradiated hosts. The results
of these experiments are all consistent
with the presence of a stem-like cell
whose developmental potency is di-
rected by signals in its “environmental
niche.” Experiments are presented
that suggest that this multipotency is
unlikely to be the result of fusion with
other cells in vitro or in vivo.


RESULTS


Human Olfactory Mucosa
Biopsies Produced
Neurospheres


Approximately 7 to 10 days after plat-
ing cells from olfactory biopsies, float-
ing, phase-bright spheres of cells were


found in all cultures from both lamina
propria and epithelium. At this time,
the spheres comprised approximately
1,000 cells. Typically, spheres arose
over every 1 to 4 mm2 of the culture
dish from groups of attached cells, be-
ginning as clusters of approximately
50 cells and growing to 40,000 cells
after longer periods eventually float-
ing free in the medium (Fig. 1A). This
method produced a yield of 500 to
2,000 spheres per biopsy after 7–10
days in vitro. After gentle trituration,
these primary spheres were harvested
from the supernatant after which ad-
ditional primary spheres were pro-
duced by the remaining cells. Some
primary cultures of olfactory cells con-
tinued to produce spheres for many
months. Primary spheres were frozen,
thawed, and successfully re-plated
with a survival rate of 83%. Neuro-
spheres were generated from biopsies
from all participants whose ages
ranged from 20 to 78 years.


Human Olfactory
Neurospheres Gave Rise to
Neurons and Glia


Primary neurospheres expressed nes-
tin, an intermediate filament protein
expressed in neural stem cells in the
brain (Lendahl et al., 1990). It is
present in the olfactory epithelium
(Osada et al., 1995; Doyle et al., 2001)
and within the olfactory ensheathing
cells of the olfactory nerve (Sonigra et
al., 1999). Nestin mRNA was present
in primary neurospheres, identified
using reverse transcriptase-polymer-
ase chain reaction (RT-PCR, Fig. 1B)
and confirmed by sequencing the PCR
product. Nestin immunoreactivity
was present in many cells within the
neurosphere (Fig. 1C). Some neuro-
sphere cells expressed glial fibrillary
protein (GFAP; Fig. 1C); others ex-
pressed �-tubulin III (data not
shown). When primary neurospheres
were dissociated and replated at low
density, differentiated cells were ob-
served to express GFAP, a marker for
astrocytes (Fig. 1D); O4 and GalC,
markers for oligodendrocytes (Fig.
1E,F); or neurofilament, �-tubulin III,
and MAP5, markers for neurons (Fig.
1G–I,).


When neurospheres were dissoci-
ated into single cell suspensions and


replated, their growth varied with cul-
ture conditions (Fig. 2). After 5 days in
culture on uncoated plastic, cell den-
sity was lowest in serum-free medium
compared with medium with 10% se-
rum, fibroblast growth factor-2
(FGF2) or transforming growth factor-
alpha (TGF�; Fig. 2A). Cell density
also varied with culture surface, with
lowest densities when cells were
grown in a medium with serum for 5
days on polylysine and polyornithine
(Fig. 2B). Matrix molecules such as
laminin, fibronectin, and collagen had
no effect on cell density, compared
with uncoated plastic (Fig. 2B). Ac-
cordingly, neurospheres were dissoci-
ated and replated onto uncoated wells
and grown for 5 days in different me-
dia (Fig. 2C). In defined, serum-free
medium (Dulbecco’s modified Eagle
medium [DMEM] containing only in-
sulin, transferrin, and selenium) the
majority of cells (50.3% � 8.09) ex-
pressed GFAP, whereas only 4.5% �
0.29 expressed �-tubulin III, and
1.33% � 0.33 expressed O4. Fetal calf
serum decreased the proportion of
GFAP expressing cells (44.67% �
1.76) and increased the proportions of
cells expressing �-tubulin III (18.33%
� 0.88) and O4 (3.67% � 0.88). The
highest proportion of cells expressing
GFAP (69% � 3.21) was obtained with
ciliary neurotrophic factor (CNTF) in
the serum-free medium. The highest
proportion of neurons (25.33% � 1.45)
was obtained with nerve growth factor
(NGF). The highest proportion of cells
expressing O4 (50.67% � 2.96) was
obtained with retinoic acid.


Human Olfactory
Neurospheres Were Self-
Replicating


Self-replication is an important defin-
ing characteristic of stem cells (Reyn-
olds and Weiss, 1992). To demonstrate
this, a two-stage process was devel-
oped in which the cells from “primary”
neurospheres were dissociated and
proliferated on plastic followed by
plating on poly-L-lysine to form “sec-
ondary” neurospheres. During the
first stage, the cells attached to the
culture well and underwent rapid pro-
liferation reaching confluency within
a week but did not create secondary
neurospheres. After the second stage,
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secondary spheres were derived with
the same characteristics as primary
spheres. Like primary neurospheres,
the secondary neurospheres could be
collected by gentle trituration leav-
ing the remaining cells to produce
further neurospheres. The secondary
neurospheres gave rise to neurons
and glial cell types when grown in
similar conditions to primary neuro-
spheres (data not shown). Secondary
neurospheres were able to produce
tertiary neurospheres, which could
also differentiate into neurons and
glial cell types.


Human Olfactory
Neurospheres Gave Rise to
Cells of Non-neural Lineage
In Vitro


A transwell induction assay was used
to investigate whether neurosphere-
derived cells could differentiate along
non-neural lineage pathways. In this
assay, the neurosphere-derived cells
grow separated from but in medium
conditioned with soluble factors de-
rived from living neonate tissue slices.
In each case, cells migrated from the
neurospheres and differentiated into
cells with the morphology of, and ex-
pressing proteins normally found in
each of the cocultured tissues (Fig.
3A–F). Cells growing beneath liver
were ovoid or blunted in morphology
and appeared laden with ferritin and
albumin (Fig. 3A,B). Cells beneath
cardiac muscle had a multipolar fi-
brous appearance with numerous au-
tophagosomes. Early cardiac muscle


Fig. 1. Human olfactory neurosphere prolifera-
tion and differentiation. A: Phase-bright
spheres of cells (“neurospheres”) after 10 days
in vitro. B: Reverse transcriptase-polymerase
chain reaction (RT-PCR) revealed nestin mRNA
in human olfactory mucosa (lane 2) and olfac-
tory neurospheres (lane 3). Lane 1, DNA size
markers (100 bp and 200 bp); lane 4, water
control. The predicted band for nestin is 197
bp. C: Optical section through olfactory neuro-
sphere showing cells immunostained for Nestin
(green) and glial fibrillary acidic protein (GFAP,
red). Some cells were double labeled (yellow).
D–I: When neurospheres were dissociated and
grown on plastic some were immunopositive
for GFAP (D), a marker for astrocytes; O4 (E)
and GAL C (F) markers for oligodendrocytes;
and MAP5 (G), neurofilament (I), and �-tubulin
III (H), markers for neurons. Scale bars � 40 �m
in A, 10 �m in C–J.
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cultures exhibit autophagosomes both
intra- and extracellularly as they re-
organize their cytoskeletons to be-
come myofibrillar (Nag et al., 1990).
These olfactory neurosphere-derived
cells were immunopositive for the car-
diac muscle antigens, sarcomeric al-
pha actin, and cardiac troponin I (Fig.
3C,D). Cells beneath skeletal muscle
were elongate and tended to concate-
nate, reminiscent of early myocyte
cultures. Cells were immunopositive
for the muscle antigens, skeletal my-
osin, and striated tropomyosin (Fig.
3E,F). The percentages of non-neural
phenotypes were different for each in-
ducing tissue and were different in
medium containing serum and in se-
rum-free medium (Table 1). Experi-
mental control cultures, where neuro-
spheres were plated in medium
containing 5% fetal calf serum (FCS)
and that were subjected to the same
immunochemical analyses did not ex-
hibit the same morphological or spe-
cific staining phenotype as test cul-
tures (Fig. 3H). These results indicate
that olfactory neurosphere-derived cells
can differentiate into non-neural lin-
eages in vitro when given the appropri-
ate tissue-derived, soluble signals.


Cloned Human Olfactory
Neurospheres Were
Multipotent In Vitro


Clonal neurospheres were derived
from primary neurospheres and
tested for their developmental po-
tency. This method was achieved in


a three-stage process in which cells
were dissociated from primary neu-
rospheres, plated at clonal dilution
on plastic and allowed to grow to
over 200 cells, and subsequently
plated onto poly-L-lysine to form
neurospheres. Of the 1,920 wells
originally seeded at clonal dilution,
245 wells contained a single cell,
confirmed visually. Of these, 74
(30%) proliferated and gave rise to
clonal populations that were plated
onto poly-L-lysine. After 10 days, 29
of 245 (12%) had formed neuro-
spheres. The developmental potency
of these clonal neurospheres was as-
sessed using the same procedures
used for primary neurospheres.
When plated onto fibronectin, these
clonal neurospheres produced cells
with astrocyte, neuronal, and oligo-
dendrocyte phenotype (data not
shown). Some clonal cultures were
genetically labeled with green fluo-
rescent protein (GFP) and used in
the same transwell induction assay
described above. They produced cells
of non-neural phenotype, including
cardiac muscle (Fig. 4), skeletal
muscle, and liver. The presence of
the GFP gene confirmed that these
cells were of human origin.


Human Olfactory
Neurospheres Gave Rise to
Cells of Non-neural Lineage
In Vivo


A chick embryo transplantation assay
was used to investigate whether hu-


man neurosphere-derived cells could
differentiate along non-neural lineage
pathways. Primary neurospheres
were dissociated, labeled with 1,1�, di-
octadecyl-3,3,3�,3�,-tetramethylindo-
carbocyanine perchlorate (DiI; Molec-
ular Probes), and transplanted into
the chick gastrula. Red DiI fluores-
cence was noted in many tissues, in-
cluding cardiac atrium, cardiac ventri-
cle, blood vessels, brain, spinal cord,
liver, mesonephros, allantois, skeletal
muscle, and gut. The presence of hu-
man cells in the regions of DiI fluores-
cence was confirmed using an anti-
human cyclin E antibody (Fig. 3L,M).
This antibody is specific for human
cyclin E (Koff et al., 1991). Prelimi-
nary experiments confirmed that it
stained the nuclei of proliferating hu-
man fibroblasts but did not stain any
nuclei in the chicken embryo. In chick
embryos where DiI fluorescence had
indicated successful grafting of hu-
man-derived cells, nuclei of the same
regions stained positive for human cy-
clin E. The identity of cyclin E-positive
cells was confirmed in two tissues.
Heart muscle cells that expressed car-
diac troponin I also expressed cyclin E
(Fig. 3M). In the head region a large
cluster of cyclin E-stained cells con-
tained subsets of neurofilament posi-
tive cells (not shown). These results
indicate that human olfactory neuro-
sphere-derived cells can differentiate
into non-neural lineages in vivo when
given the appropriate embryonic envi-
ronment.


Fig. 2. Growth factor regulation of human neurosphere proliferation and differentiation. Neurospheres were dissociated and grown in various media
and substrates. A: Fetal calf serum (FCS), fibroblast growth factor-2 (FGF2), and transforming growth factor-alpha (TGF�) increased cell proliferation
compared with control (CON) cultures in serum-free medium when grown on plastic culture wells (n � 5 for all conditions). Analysis of variance
indicated a significant difference among the growth conditions (F3,11 � 17.54; P � 0.0007). B: Cells were grown in fetal calf serum on various
substrates. Culture wells coated with poly-l-lysine (Ply) and poly-ornithine (Plo) reduced cell proliferation compared with uncoated plastic culture wells
(Pla), and wells coated in collagen (Col), fibronectin (Fib), and laminin (Lam), n � 3 for all conditions. Analysis of variance indicated a significant
difference among the growth conditions (F5,17 � 9.02; P � 0.0009). C: Cells were grown on plastic culture wells in various media. Differentiation of cells into
neuronal, astrocytic, and oligodendroglial phenotypes (observed by �-tubulin III, glial fibrillary acidic protein, and O4 staining, respectively) was influenced
by different growth factors (n � 5 for each growth condition): ciliary neurotrophic factor (CNTF) induced astrocyte differentiation, nerve growth factor
(NGF).induced neuronal differentiation, and retinoic acid (RA) induced oligodendrocyte differentiation. Two-way analysis of variance indicated significant
effects of growth factor (F4,30 � 5015; P � 0.0028), cell type (F22,30 � 248.2; P � 0.0001), and their interaction (F8,30 � 64.4; P � 0.0001).
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Mouse Olfactory Epithelial
Cells Gave Rise to Cells of
Non-neural Lineage In Vivo


The experiments above indicate that
the human olfactory mucosa contains
cells with multipotency after growth
in vitro as neurospheres. It is possible
that this multipotency arose only after


Fig. 3.


Fig. 4. Clonal human olfactory neurosphere
cells differentiated into multiple lineages. Pri-
mary human olfactory neurosphere cells were
green fluorescent protein (GFP) -labeled using a
retroviral vector and cloned by limiting dilution,
and secondary neurospheres were generated.
These were dissociated and grown under neo-
nate tissues in transwell induction assays.
Clonal human olfactory neurosphere cells
grown under cardiac tissue: A: GFP fluores-
cence. B: Nomarski image. C: Immunostaining
for sarcomeric �-actin. The asterisk indicates
the position of the neurosphere that washed
away during immunoprocessing. Scale bar �
10 �m in B (applies to A–C).


Fig. 5.
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manipulation in vitro and, therefore,
may not reflect the potency of a “na-
ive” olfactory stem cell as it exists in
the olfactory epithelium. This hypoth-
esis was tested by transplantation of
mouse olfactory epithelial cells into
the chick gastrula. Mouse cells were
chosen for these experiments because
the availability of a LacZ transgenic
mouse allows unequivocal identifica-
tion of cells of donor origin. Neural
stem cells from the mouse forebrain
produced multiple cell types after
transplantation into this model
(Clarke et al., 2000). The donor cells
were from a transgenic mouse strain,


which has the Escherichia coli Lac Z
gene under the promoter of the HMG-
CoA Reductase gene (Tam and Tan,
1992). Chick gastrulae were trans-
planted in situ by microinjection of a
few microliters of dissociated olfactory
epithelium cells into the primitive
streak as described (Clarke et al.,
2000). Controls were (1) no interfer-
ence, (2) sham injected, and (3) in-
jected with a suspension of erythro-
cyte-free blood cells (leukocytes, bone
marrow–derived stem cells, and pro-
genitors).


Of the 387 embryos injected with
mouse olfactory epithelial cells, 58


(15%) survived, and of these survi-
vors, 16 (28%) stained positively for
�-galactosidase activity indicated by
blue X-gal staining (Fig. 5A,B). Of the
60 sham-operated and blood cell-
transplanted embryos, 18 (30%) sur-
vived. None of these controls stained
positive for bacterial �-galactosidase
activity. In the olfactory cell-trans-
planted embryos, a variety of organs
and tissues were blue: wing bud, leg
bud, heart, pharyngeal arch, liver, no-
tochord, somites, eye, hind brain, otic
vesicle, forebrain, spinal cord, gut,
amnion, and allantois (Fig. 6). Often
the distribution of staining was asym-
metric, for instance in only one eye.
Some embryos were cleared in methyl
salicylate to define better which cells
expressed �-galactosidase (c.f. Fig. 5A
vs. B). The specificity of the X-gal
staining was confirmed using immu-
nochemistry with an antibody to bac-
terial �-galactosidase (Fig. 5C vs.
D,E). Thirteen X-gal–positive em-
bryos were frozen, cryosectioned, and
processed for immunohistochemistry
for �-galactosidase and other pheno-
typic markers. �-Galactosidase immu-
noreactivity was observed in the heart
atrium, heart ventricle, pharyngeal
arch, liver, notochord, somites, optic
vesicle, hind brain, otic vesicle, fore-
brain, midbrain, head mesenchyme,
nasal pit, Rathke’s pouch, spinal tube,
dorsal root ganglia, intestine, amnion,
allantois, trunk muscle, mesonephros,
tail bud, and aorta. There was no X-
gal staining or �-galactosidase immu-
noreactivity in control embryos, in-
cluding those injected with blood cells,
and no immunoreactivity in X-gal–
positive sections in which the primary


Fig. 3. Human neurospheres differentiated into non-neural lineages. In a transwell induction assay,
human olfactory neurospheres were plated under live slices of neonate rat liver, heart, and skeletal
muscle. After 4 days, cells were fixed and immunostained for proteins expressed by the inducer
tissues. A,B: Under liver, cells were positive for ferritin (A) and albumin (B). C,D: Under heart, cells
were positive for sarcomeric alpha actin (C) and cardiac troponin I (D). E,F: Under skeletal muscle,
cells were positive for skeletal myosin (E) and striated tropomyosin (F). G: Immunochemistry
control: human olfactory neurosphere cells grown under skeletal muscle but with no primary
antibody and a secondary antibody only. H: Experimental control: human olfactory neurosphere
cells grown in fetal calf serum only and subsequently stained for striated tropomyosin. When
human olfactory neurosphere cells were transplanted into the chick embryo, they gave rise to cells
in multiple chick tissues, including heart. K: An untransplanted control chick heart does not show
fluorescence above background. L: Human cells in wall of a 3-day-old chick heart identified with
an antibody to human specific cyclin E (bright green foci) using tyramide fluorescence amplification.
I,J: Corresponding Nomarski images are shown. M: Confocal optical section through chick myo-
cardium illustrating human-derived cells in red (cyclin E and 1,1�, di-octadecyl-3,3,3�,3�,-tetrameth-
ylindo-carbocyanine perchlorate [DiI] labeling in the same fluorescence channel) and cardiac
troponin I, which shows its structural banding, in green. A fluorescence image of the nuclei (blue,
stained with Hoechst) has been overlaid. In the head region of the same embryo a large cluster of
cyclin E–stained cells contained subsets of neurofilament-positive cells (not shown). Scale bars �
10 �m in A–H, in J (applies to I–L), 5 �m in M.
Fig. 5. Mouse olfactory epithelial cells give rise to multiple lineages in the chick embryo. A.B:
Mouse cells (blue X-gal staining) 4 days after transplantation of dissociated olfactory epithelial cells
into chick gastrula identified in allantois (a), limb bud (l), heart (h), pharyngeal arch (p), and
notochord (n). The embryo in A was cleared, the embryo in B was not. C: Fluorescence photomi-
crograph of section through chicken embryo 4 days after transplantation immunostained for
mouse-derived �-galactosidase transgene (white). Prominent organs containing mouse-derived
cells are heart (h), liver (l), and mesonephros (m). D,E: Section through the mesonephros (D) and
liver (E) of the embryo shown in C, stained with X-gal (blue). Scale bars � 2 mm in A,B, 200 �m in
C, 50 �m in D,E.


TABLE 1. Transwell Induction Conversion Rates (%)a


Inducing tissue Phenotypic marker 5% FCS in DMEM
ITS in
DMEM


Liver Ferritin 73.57 � 4.56 65.00 � 11.82
Albumin 21.50 � 8.60 25.03 � 13.29


Skeletal muscle Skeletal myosin 71.56 � 9.51 81.23 � 2.07
Striated tropomyosin 91.13 � 7.71 80.90 � 5.10


Heart Cardiac troponin-I 15.50 � 0.36 66.13 � 10.74
Sarcomeric �-actin 96.03 � 3.35 99.17 � 1.18


aPercentages are for cells growing out from spheres; cells remaining in spheres are not included in this analysis. Two alternative
media were used for each experimental situation: 5% fetal calf serum in DMEM and a serum-free medium (ITS: insulin, transferrin,
and selenium in DMEM). The data represent numbers of cells derived from single spheres repeated three times for each condition.
FCS, fetal calf serum; DMEM, Dulbecco’s modified Eagle medium.
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Fig. 6.


Fig. 7.


Fig. 8. Rat olfactory cells gave rise to leukocytes when transplanted into irradiated hosts. A: Donor-derived leukocytes in the blood of transplanted
host animals (green cells immunostained for CD45 RT7.2 alloantigen superimposed on a differential interference contrast [DIC] image). B: Positive
control. CD45 RT7.2-positive leukocytes in male donor blood (fluorescence image superimposed on DIC image). C: Negative control. CD45
RT7.2-negative leukocytes in female nontransplanted host blood (fluorescence image superimposed on DIC image). Scale bar � 20 �m in C (applies
to A–C).
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antibody was missing. Olfactory
marker protein immunoreactivity was
not found in any sections indicating
that olfactory sensory neurons did not
survive the transplantation process
and did not differentiate from trans-
planted precursor cells.


Within the host tissues, donor-de-
rived cells had the normal morphology
and expressed phenotypic markers
typical of the host tissues in which
they resided (Fig. 7). In neural tissues,
neurons in many regions expressed
both neurofilament and �-galactosi-
dase, and some cells coexpressed S100
and �-galactosidase. In skeletal mus-
cle, �-galactosidase colocalized with
myosin and sarcomeric �-actin. In the
ventricular wall of the developing
heart, �-galactosidase colocalized
with cardiac troponin I. In liver and in
kidney mesonephros, �-galactosidase
colocalized with ferritin. These results
indicate that cells from olfactory mu-
cosa have the ability to differentiate
into cell types normally derived from
endoderm, mesoderm, or ectoderm.


Rat Olfactory Epithelial
Cells Gave Rise to Cells of
Hematopoietic Lineage In
Vivo


Neural stem cells from the mouse
forebrain produced hematopoietic
cells after transplantation into bone
marrow–irradiated mice (Bjornson et
al., 1999). We sought to determine
whether cells from the olfactory epi-
thelium have a similar developmental
potency. Accordingly cells dissociated


from the olfactory epithelium were in-
jected into the tail vein of irradiated
rats, which were examined 9 months
later. Cells dissociated from the olfac-
tory lamina propria were injected into
a separate group of animals. These
experiments were performed on con-
genic strains of rat that allow un-
equivocal identification of cells deriv-
ing from donor when grafted into the
host. Donor and host rats were from a
congenic strain with RT7 leukocyte al-
loantigens (Kampinga et al., 1990).
Donors were male, RT7.2-positive
rats; hosts were female RT7.2-nega-
tive rats. The results were the same
for animals injected with cells from
either olfactory epithelium or lamina
propria. Donor olfactory cell suspen-
sions were negative for the CD45
RT7.2 antigen and for the CD34 anti-
gen, indicating that they were free of
leukocytes and free of hematopoietic
stem cells (see below).


The leukocytes of all surviving host
animals were immunopositive for the
CD45RA antigen present on B lym-
phocytes in host and donor strains.
This provided a positive control to con-
firm that all surviving host animals
had B lymphocytes, a subset of which
should express the donor RT7.2 anti-
gen if the donor cells engrafted. The
leukocytes of 9 host animals were im-
munopositive for the donor RT7.2 an-
tigen: three injected with cells from
lamina propria and six injected with
cells from olfactory epithelium (Fig.
8). The proportion of donor-derived
cells in leukocyte preparations from
positive animals varied between 5 and


20%. This rate was not expected to be
100% because sublethal irradiation
would not destroy all the endogenous
hematopoietic stem cells. As another
test of donor engraftment of hosts,
genomic DNA was prepared from fixed
leukocyte preparations and tested for
the presence of the SRY gene using
PCR. The leukocytes of the nine host
animals positive for the donor RT7.2
antigen were also positive for the do-
nor SRY gene (Fig. 9A). These results
were confirmed using two indepen-
dent sets of PCR primers. Products for
both sets of primers from a positive
host were sequenced and confirmed to
be the SRY gene.


The spleens of the positive hosts
were examined for the presence of do-
nor-derived hematopoietic cells (Fig.
9). Host spleens were assayed for the
presence of male donor-derived cells
using RT7.2 immunofluorescence and
in situ PCR and hybridization for the
SRY gene. Host and control spleens
were cryosectioned at 8 �m and pro-
cessed for in situ PCR for a target
region of the SRY gene. In situ hybrid-
ization was then carried out using a
probe designed from a segment of the
SRY gene, which is internal to the re-
gion amplified by in situ PCR. This
internal probe will not anneal to any
false products of the in situ PCR pro-
cess. For fluorescence detection, the
probe was labeled with tetramethyl-
rhodamine-5�-dUTP. Discrete regions
of bright red fluorescence were de-
tected in spleens of female hosts and
male donor controls (Fig. 9). There
was no fluorescence in female nega-
tive controls (uninjected females
tested with in situ PCR and hybridiza-
tion) or in male technical controls (no
PCR, no probe, and nonsense probe
controls). The in situ PCR and hybrid-
ization technique to identify SRY
sometimes led to leakage of the PCR
product from the nucleus. Nuclear lo-
calization of the signal was confirmed
by counterstaining with the nuclear
dye Hoechst Blue (Fig. 10). Detection
of these markers was then combined
using immunofluorescence to identify
RT7.2 antigen-positive cells that were
also SRY positive (Fig. 10). These ob-
servations demonstrate that host
blood and spleen contained cells de-
rived from the donor confirmed with
two independent markers, a cell sur-
face protein (RT7.2) and a nucleic acid


Fig. 6. Mouse olfactory epithelial cells differentiated into many tissues after transplantation into the
chick gastrula. X-gal–positive tissues in chick embryos transplanted with mouse cells possessing
the �galactosidase transgene. A: Dorsal aorta. B: Pharyngeal arch. C: Mesonephros. D: Nephric
canal. E,F: Heart ventricle. G,H: Liver. I: Otic vesicle. J: Dorsal root ganglion. Scale bars � 50 �m
in A–E, 20 �m in F,H,I, 10 �m in G, 40 �m in J.
Fig. 7. Double labeling of mouse-derived cells in chick embryos. A: Dorsal root ganglion (4 day
embryo) stained for neurofilament (NF), a neuronal protein (pink). B: The same dorsal root ganglion
section subsequently stained for the mouse �-galactosidase transgene product (dark gray/black).
Both A and B show residual X-gal staining (blue) identifying the enzymatic activity of the �-galac-
tosidase transgene product. C: Control section adjacent to A and B stained with secondary
antibodies only. Only remnant blue X-gal staining is visible. D: Control dorsal root ganglion (5-day
embryo) double-stained for neurofilament (pink) and �-galactosidase (dark gray/black). This gan-
glion clearly contained no mouse-derived cells (no dark gray/black labeling). E: Mesonephros
stained for �-galactosidase (dark gray/black). Some remnant blue X-gal staining is visible. F: The
same mesonephros section subsequently stained for ferritin (pink), a kidney protein. G: Section
containing a region of skeletal muscle stained for �-galactosidase (dark gray/black). H: The same
section subsequently stained for sarcomeric �-actin (pink), a skeletal muscle protein. The same
region of an adjacent section was positive for �-galactosidase and negative for neurofilament. I,J:
Region of myocardium stained first for �-galactosidase (dark gray, I) and in subsequently stained
for cardiac troponin I (pink, J). Scale bars � 50 �m in D, 10 �m in A–C,E–J.
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(SRY), with some cells in host spleens
that were double labeled for both
markers.


RT7.2 is an allele of CD45 expressed
on leukocytes. We next examined
whether donor-derived cells gave rise
to cells expressing other CD markers
indicative of cells of different hemato-
poietic lineages (Fig. 10). Donor-de-
rived cells were identified using SRY
in situ PCR and hybridization. In ad-
dition to SRY/CD45RT7.2 double-la-
beled cells, SRY was found in cells
expressing CD45RA (an isoform found
on B lymphocytes), CD3 (a marker of
T lymphocytes), CD11b (a marker of
myeloid cells), and CD34 (a marker of
hematopoietic progenitor and endo-
thelial cells). These antibodies are
used widely and their specificity is
well established (Woollett et al., 1985;
Tanaka et al., 1989; Kampinga et al.,
1990; Tamatani et al., 1993; Krause et
al., 1994). These results indicate that
the donor-derived cells gave rise to
cells bearing markers of multiple leu-
kocyte types.


Olfactory Cell Preparations
Did Not Contain
Hematopoietic Stem Cells


A potential confounding factor in these
experiments is the presence of bone
marrow–derived stem cells that may be
present in the cell suspensions from ol-
factory epithelium and lamina propria.
This possibility was tested directly by


preparing cell suspensions of olfactory
epithelium and lamina propria from
eight male RT7.2 rats and testing these
suspensions for the presence of anti-
gens found on leukocytes or hematopoi-
etic stem cells. As a positive control,
leukocyte suspensions were prepared
from the same animals. Cell suspen-
sions were analyzed using fluorescence-
activated cell sorting (FACS).


All CD antigens, including CD45
RT7.2 the donor animal leukocyte al-
loantigen, were present in the leuko-
cyte suspensions. CD34 was present
on 0.05% of control leukocytes. CD34
is a marker for hematopoietic progen-
itor cells and vascular endothelial
cells. Only two CD antigens were
present on cells from olfactory epithe-
lium or lamina propria. CD11b is a
marker for granular leukocytes, den-
dritic cells, and macrophages and was
found on approximately 1% of cells
from both olfactory epithelium and
lamina propria. A total of 5% of cells
from olfactory epithelium were immu-
nopositive with the antibody Ox33 for
a CD45RA isoform, which is expressed
on B lymphocytes. The identities of
these epithelial CD11b and CD45RA
cells are not known. No other CD
markers were found on cells from ol-
factory epithelium or lamina propria.
No olfactory cells expressed the CD45
RT7.2 antigen.


FACS analysis was used to test
cross-reactivity of the anti-mouse
gamma globulin used as a secondary


label. Cell fractions incubated with
secondary antibody alone never ex-
ceeded the fluorescence of unlabeled
cell fractions. None of 50,000 cells
counted in the olfactory cell suspen-
sions was positive for CD34, a marker
of hematopoietic stem cells. These ob-
servations suggest that it is unlikely
that the donor-derived leukocytes in
the hosts were due to donor-derived
hematopoietic stem cells present in
the olfactory cell transplants. The pos-
sibility exists that the CD11b- or
CD45RA-positive cells in the spleens
of host animals might be cells that
survived for 9 months from the donor
cell suspensions. On the other hand,
there may be nonhematopoietic cells
in the olfactory epithelium that bear
these markers.


The possibility of a hematopoietic
origin for the stem-like properties of
cells from the olfactory epithelium
was investigated directly in a neuro-
sphere-forming assay. Cells from rat
olfactory epithelium and rat bone
marrow were grown under identical
conditions to produce neurospheres.
Olfactory epithelial cultures produced
neurospheres in 5 days. Bone marrow
cultures failed to produce neuro-
spheres in 22 days, although they re-
mained viable and slowly proliferated.


Cell Fusion Assays


It is possible that the multipotency of
olfactory cells might arise from fusion
with other differentiated cells. This
possibility was investigated in three
conditions: coculture of mouse GFP-
labeled olfactory cells with mouse DiI-
labeled bone marrow cells, coculture
of mouse GFP-labeled olfactory cells
with DiI-labeled cells from chick em-
bryo, and analysis of DNA content in
human olfactory neurosphere cells af-
ter transplantation into the chick em-
bryo.


In the first experiment, 1,129 green
cells, derived from the mouse olfactory
epithelium, were counted by visual in-
spection under the microscope. None
were double labeled indicating no fu-
sion with the red cells derived from
the mouse bone marrow (Fig. 11). In
the second experiment, 552 green
cells, derived from the mouse olfactory
lamina propria, were counted and
none were double labeled red in the
presence of the bone marrow cells in


Fig. 9. Olfactory cells from male rat gave rise to leukocytes containing male SRY gene in female
irradiated hosts. A: Polymerase chain reaction (PCR) for the male sex determining gene SRY in
leukocyte preparations of male donor (positive control, lane 1), nontransplanted female (negative
control, lane 2), and 13 female host animals transplanted with male olfactory cells (lanes 3–15). Nine
are positive. Upper panel: glyceraldehyde-3-phosphate dehydrogenase (GAPDH, arrowhead, 265
bp). Lower panel: SRY (arrowhead, 310 bp). B–G: Transplanted male, RT7.2-positive donor rat
olfactory cells gave rise to leukocytes in spleen of irradiated female hosts. B: Male donor-derived
CD45 RT7.2-positive cells (green) in female host. C: Negative control. Lack of CD45 RT7.2-positive
cells (green) in nontransplanted female. D: Positive control. CD45 RT7.2-positive cells (green) in
male donor. E: In situ PCR showing male donor-derived SRY gene in spleen cells (red) in female
host. F: Negative control. In situ PCR showing lack of SRY gene in spleen cells (red) in nontrans-
planted female. G: Positive control. In situ PCR showing SRY gene in spleen cells (red) in male
donor. Not all cell nuclei were labeled in male controls probably because of variability in perme-
abilizing nuclei and exposing accessible regions of chromatin for the PCR template. The spleens
did not contain olfactory marker protein, a protein of olfactory sensory neurons (Keller and Margolis,
1975) and, hence, a marker of donor olfactory epithelium (data not shown). Scale bars � 20 �m in
D (applies to B–D), in G (applies to E–G).
Fig. 10. Olfactory cells from male rats gave rise to multiple types of leukocytes in the spleens of
irradiated female hosts. Sections of female host spleens were triple labeled. A–E: Immunolabeling
for leukocytes. F–J: In situ polymerase chain reaction labeling for the SRY gene. K–O: Nuclear
labeling with Hoechst 33342. P–T: Corresponding Nomarski images of the sections in each row.
Leukocyte markers were RT7.2 (A), CD11b (B), CD3 (C), CD45RA (D), and CD34 (E). Scale bar � 10
�m in F (applies to A–K).
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the cocultures. In the third experi-
ment, cells derived from mouse olfac-
tory epithelium (green) were cocul-
tured with cell suspensions of chick
gastrulae (red). A total of 1,104 green
cells were counted and none were dou-
ble labeled. In these experiments,
three independent observers counted
the cells. It is possible that fusion was
not observed in these cultures because
it was a very rare event (Ying et al.,
2002). Accordingly, a fourth experi-
ment was carried out using FACS.
Cells from mouse olfactory mucosa
were cocultured for 4 days in a 1:10


ratio of bone marrow cells (Fig. 11).
None of the 25,000 cells examined
were double labeled. Only noncellular
highly autofluorescent doubly labeled
particles were seen after gating and
microscopic examination.


Behavior of human olfactory neuro-
sphere cells was assessed in vivo after
transplantation into chick gastrulae.
The proliferation rate of these cells
was calculated and the distribution of
DNA contents in transplanted cells
was compared with the same cells in
vitro for the same period of time. In
the first experiment, human neuro-


Fig. 11.


Fig. 12.


ys.
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sphere cells were labeled with CM-
FDA (a cytoplasmic green fluoro-
phore). A total of 2,000 human cells
were injected into each of four chicken
gastrulae which were harvested 77 hr
later and dissociated into single cells.
After fixation and nuclear labeling
with propidium iodide (PI), the cells
from four embryos were pooled and
analyzed using FACS. These embryos
contained 45 million cells, of which
446,000 (0.97%) were derived from the
green-labeled human olfactory neuro-
sphere cells. Given the starting popu-


lation of human cells, this finding in-
dicates an approximate doubling time
of 13.4 hr. This experiment was re-
peated twice more, once using CM-
FDA-labeled cells and transplanting
for 5 days and once using GFP-labeled
neurosphere cells and transplanting
for 3 days (Table 2).


PI fluorescence provided a measure
of the DNA content of the cells, reveal-
ing two peaks coinciding with the G1
and G2 phases of the cell cycle (Fig.
12). The DNA profile of the green-la-
beled, human-derived cells was dis-


tinct from the DNA profile of the un-
labeled cells in the chick embryo. The
DNA profile of the green cells matched
the DNA profile of human neuro-
sphere cells grown for the same period
in vitro (Fig. 12; Table 2). The DNA
profile of the unlabeled cells matched
the DNA profile of chicken embryos of
similar age that were not trans-
planted with human olfactory cells.
The DNA profiles of human and
chicken cells were distinct, reflecting
the smaller amount of DNA in the
chicken genome. Another indication of
the two distinct cell populations is the
difference in the percentages of cells
in G2 (Table 2), with the human cells
behaving similarly in vivo and in
vitro.


Fused cells (heterokaryons) may be
multiploid, with genetic characteris-
tics of both cell types. When fusion is
provoked experimentally, the result-
ing heterokaryons share cellular com-
ponents and membrane material.
They are generally unstable and most
chromosomes of one species or the
other are eventually ejected, leaving
nuclei that approximate one or other
species cell type (Ruddle and Creagan,
1975). One indication of this process


Fig. 11. Cell fusion assays were performed. Example image showing mouse bone marrow cell,
labeled with 1,1�, di-octadecyl-3,3,3�,3�,-tetramethylindo-carbocyanine perchlorate (DiI, a fluores-
cent dye that incorporates into intracellular vesicular membranes after a period in vitro), after
growing for 4 days in vitro with olfactory epithelial cell derived from green fluorescent protein (GFP)
mouse. Cell fusion was not detected by visual examination or by fluorescence-activated cell
sorting. Donor olfactory cells (GFP labeled) were cultured with DiI-labeled mouse bone marrow
cells at a ratio of 1:10. A total of 25,000 cells were gated and DiI fluorescence vs. GFP fluorescence
was plotted. From these, 90 “cells” registering high fluorescence in both channels were gated and
collected for visual examination. Only noncellular highly autofluorescent particles were seen.
Fig. 12. Most human olfactory neurosphere-derived cells had normal DNA content 3 days after
transplantation into 1-day-old chick gastrula. Host embryos were dissociated and subject to
fluorescence-activated cell sorting analysis. A: Cells were gated for normal scatter. B: Cells gated
in A were plotted for CMFDA fluorescence (human-derived, x-axis) and propidium iodide (PI, y-axis,
DNA content). C: Histogram showing chick PI profile (pink; upper left quadrant of B gated)
overlayed by human-derived PI profile (green; upper right quadrant of B gated). 1, chick G1 peak;
2, human G1 peak with chick G2 peak beneath; 3, human G2 peak. D: Comparison PI profile of
human donor cells labeled with CMFDA and grown in vitro for 3 days.


TABLE 2. Behavior of Cells Transplanted Into Chick Embryosa


Modelb


Human
cellsc


(per embryo)
Period
transplanted


Total
cells per
embryo


% human
per
embryo


% green
cells
with PI �


ChickG1d


% Chick
cells in
G2


% human
cells in
G2


Doubling
time


Exp. 1 CMFDA-human/ln
chick (n � 4)


111550 77h 11500000 0.97 5.3 29.1 13.5 13.4


Exp. 2 CMFDA-human/ln
chick (n � 2)


643200 120h 33500000 1.92 0.8 31.6 9.2 14.5


Exp. 3 GFP-human/ln
chick (n � 12)


140000 77h 25000000 0.56 1 26.3 11.1 12.6


Mean 1.15 Mean 2.37 Mean 29 Mean 11 Mean 13.5
(per sample) in vitro SD 0.69 SD 2.54 SD 2.65 SD 1.75 SD 0.95


Exp. 1 CMFDA-human/
in vitro


1000000 77h 100 7.8 12.7


Exp. 2 CMFDA-human/in
vitro


1000000 120h 100 3.8 8


Exp. 3 GFP-human/
in vitro


1000000 77h 100 3.1 8.1


Mean 4.9 Mean 9.6
SD 2.54 SD 2.69


aFACS analysis reveals that chick and human cells had distinct behavior in embryo; human cells behaved similarly in vitro (Fig. 12).
bn � number of embryos. FACS, fluorescence-activated cell sorting; PI, propidium iodide.
cNumber of human derived cells at harvest.
dCells gated for green fluorescence were examined for PI fluorescence revealing their DNA content profile. A small percentage had
the apparent DNA content of chick G1 cells. This small percentage was similar but less than in vitro.
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would be CMFDA- or GFP-containing
cells with DNA content closer to the
content in normal chicken cells. This
was investigated by examining the
green-labeled cells with small nuclei.
Of the green cells, only 2.4% had nu-
clei the size of chicken G1 nuclei
(mean of three experiments, using 18
embryos; Table 2), less than the pro-
portion of these small nuclei in popu-
lations of human olfactory cells grown
in vitro (mean, 4.9%).


DISCUSSION


We have shown in several complemen-
tary ways that the human adult olfac-
tory mucosa contains cells with very
broad developmental potency. Human
olfactory mucosa yielded neuro-
spheres that could be propagated as
secondary and tertiary neurospheres.
Primary, secondary, and tertiary neu-
rospheres contained cells that differ-
entiate into neurons and glia, depend-
ing on the culture conditions. Primary
neurospheres also differentiated into
cardiac, liver, and muscle cells in trans-
well induction assays. Neurospheres
cloned from primary neurospheres
demonstrated the same developmental
potency as primary neurospheres. This
developmental potency was demon-
strated in vitro in the absence of dif-
ferentiated cells with which to fuse.
When transplanted into the early
chicken embryo, human olfactory neu-
rosphere cells integrated into many
embryonic tissues, including develop-
ing cardiac atrium and ventricle.


The developmental potency of the
stem-like cell in the mouse olfactory
epithelium was investigated by trans-
plantation of dissociated epithelial
cells into the chicken embryo. Like hu-
man olfactory neurosphere cells, the
mouse olfactory epithelial prepara-
tions contained cells that differenti-
ated and integrated into numerous
embryonic tissues, including develop-
ing nervous system, heart, liver, and
kidney. Cells from rat olfactory epi-
thelium and olfactory lamina propria
appeared to repopulate the bone mar-
row of irradiated hosts, giving rise to
numerous cells of the hematopoietic
lineage. Several experiments indicate
that the olfactory cell preparations do
not contain hematopoietic stem cells
that could account for the observa-
tions. Other experiments indicate that


the observations are unlikely to be ex-
plained by fusion of olfactory donor
cells with differentiated cells in vitro
or vivo.


Neurospheres have been grown pre-
viously from human olfactory mucosa
(Roisen et al., 2001; Zhang et al.,
2004). The neurosphere-forming cells
were analyzed. The cultures were
composed of neurons and glia whose
numbers varied with the culture con-
ditions: 91–98% expressed �-tubulin
III, 13–93% expressed A2B5 (a
marker of immature glial cells), and
36–78% apparently expressed nestin
(Zhang et al., 2004). An earlier study
reported clonal “neuroblast” cultures
generated from human olfactory mu-
cosa with some cells expressing
GFAP, some keratin, and some ex-
pressing various neuronal proteins,
including proteins in olfactory sensory
neuron transduction (Wolozin et al.,
1992). These studies confirm the pres-
ence, in the human olfactory mucosa,
of multipotent progenitors with a de-
velopmental trajectory favoring the
neuronal lineage. In contrast, in the
present study, in the absence of
growth factors, development down the
glial pathway was favored (Fig. 2),
similar to mouse forebrain neuro-
spheres (Reynolds and Weiss, 1992;
Kilpatrick and Bartlett, 1995; Gritti
et al., 1996). Human olfactory neuro-
spheres, like mouse forebrain neuro-
spheres also contained cells that were
positive for nestin, �-tubulin III, and
GFAP. Neurospheres with similar
properties can also be generated from
mouse and rat olfactory mucosa (un-
published observations).


Identity of the Olfactory
“Stem Cell”


Our observations are not explained by
hematopoietic stem cell contamina-
tion of the olfactory cell preparations.
A priori, a significant contribution is
unlikely because the olfactory epithe-
lium is avascular and blood cells
would wash from the lamina propria
during the dissection procedures. On
the other hand, macrophages, den-
dritic cells, and other leukocytes may
migrate from, or be resident in, the
olfactory epithelium or lamina pro-
pria. This was indicated by the small
number of CD11b-positive cells, which
could be macrophages or dendritic


cells in olfactory cell preparations.
There were also a small number of
CD45RA-positive cells that may be B
lymphocytes. It may be impossible to
dismiss entirely the hypothesis that
these cells are the “olfactory stem
cells,” but given the role of the olfac-
tory epithelium in protecting the cen-
tral nervous system from infection
(Mellert et al., 1992), it is not unex-
pected to find immune-type hemato-
poietic cells within the olfactory epi-
thelium (Getchell et al., 2002). There
were no CD34-positive hematopoietic
stem cells in olfactory cell prepara-
tions and no cells positive for other CD
markers. It is significant that when
rat bone marrow cells and olfactory
epithelial cells were grown in identical
conditions, only the olfactory cultures
produced neurospheres. This finding
suggests that the culture conditions
do not favor neurosphere formation
from bone marrow cells. Additionally,
when mouse leukocyte preparations
were transplanted into the chicken
embryo, under similar conditions that
produce engraftment by olfactory epi-
thelial cells, none of the leukocyte
transplants led to engraftment. Taken
together, these data indicate that the
multipotency of the cells derived from
the olfactory mucosa does not derive
from any hematopoietic cells present.


The identity of the stem cell respon-
sible for our observations is not
known. Within the olfactory mucosa,
there are two main candidates, both
basal cells of the olfactory epithelium.
The globose basal cells are a mixed
population of cells. Some are the im-
mediate neuronal progenitors that
can differentiate into the olfactory
sensory neurons (Caggiano et al.,
1994; Goldstein et al., 1998; Huard et
al., 1998; Newman et al., 2000). Re-
cent transplantation experiments con-
firm that the globose basal population
also contains a multipotent progenitor
that can differentiate into the non-
neuronal cells of the olfactory epithe-
lium, namely the supporting cells and
the cells of the ducts of the Bowman’s
glands, the specialized olfactory
glands (Chen et al., 2004). They also
appear to produce the other basal cell,
the horizontal basal cell (Huard et al.,
1998). When the horizontal basal cell
is isolated and grown in vitro it can be
induced to differentiate into both neu-
rons and glia, suggesting that it may
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be a multipotent progenitor (Carter et
al., 2004). It is possible that both these
basal cells are multipotent, but the
lineage relationship between them re-
mains unclear if both can produce
neurons and globose basal cells can
produce horizontal basal cells.


Our experiments indicate that cell
preparations from both olfactory epi-
thelium and lamina propria may be
multipotent, although the method of
separation of these tissues does not
guarantee that cells from the other
tissue are not present. The epithelium
and lamina propria are dissected by
enzymatic treatment and gentle me-
chanical separation (Feron et al.,
1999). This separation takes place
along the basement membrane. If the
stem cell is close to the basement
membrane it could contribute to cell
suspensions of both epithelium and
lamina propria. Neural stem cells ex-
press nestin (Lendahl et al., 1990), al-
though it is not exclusively a marker
for neural stem cells. In the olfactory
epithelium, the supporting cells are
nestin-positive in their end-feet close
to the basement membrane (Doyle et
al., 2001). It is possible that these cells
are the neural stem cell, but this lin-
eage is unlikely because retroviral lin-
eage studies in the olfactory epithe-
lium were not able to demonstrate
clones of cells containing supporting
cells and other cell types (Caggiano et
al., 1994; Huard et al., 1998). It is
possible that olfactory ensheathing
cells in the lamina propria are the
neural stem cell, because they express
nestin (Osada et al., 1995; Sonigra et
al., 1999; Doyle et al., 2001) and their
presence in epithelial suspensions
cannot be excluded.


Multipotency of Olfactory
“Stem Cells” Is Not
Explained by Fusion


There is vigorous debate about the
ability of adult, somatically derived
cells to give rise to progeny of multiple
lineages (Wurmser and Gage, 2002).
There is an argument that adult cells
with “stem-like” abilities result from
fusion with other stem cells or with
already differentiated cells (Alvarez-
Dolado et al., 2003; Vassilopoulos et
al., 2003; Wang et al., 2003; Ogle et
al., 2004), although there is also evi-
dence to the contrary (Cogle et al.,


2004; Harris et al., 2004; Pochampally
et al., 2004). Bone marrow–derived
stem cells were shown to repair in-
jured muscle in two ways: by fusion
with established myotubes as well as
by conversion to satellite cells (La-
Barge and Blau, 2002), leading to a
view that fusion may be stimulated by
injury. Perhaps the most sophisti-
cated methods to assess this phenom-
enon have been two studies using
cre/lox recombinase and reporter
constructs to test for fusion (Alvarez-
Dolado et al., 2003; Harris et al.,
2004). In both studies, fusion was a
rare event. One study found fusion oc-
curred in up to 1 of 10,000 liver cells
examined, in up to 1 of 300,000 brain
cells examined, and in up to 1 of 100
cardiomyocytes examined. No fused
cells were found in other tissues (Al-
varez-Dolado et al., 2003). The higher
frequency of fusion in liver and car-
diac cells might reflect the fusion that
normally occurs in cells of these tis-
sues. In the other study, there was
little incidence of fusion amongst ro-
bust development of epithelial cells
from bone marrow–derived cells in
lung, liver, and skin (Wurmser et al.,
2004).


Embryonic stem cells can fuse in
vitro with adult bone marrow cells
(Terada et al., 2002) and with adult
forebrain neural stem cells (Ying et
al., 2002). Fused cells (heterokaryons)
may be multiploid, with genetic char-
acteristics of both cell types. Hetero-
karyons are generally unstable, and
most chromosomes of one species or
the other are eventually ejected leav-
ing nuclei that approximate one or
other species cell type (Ruddle and
Creagan, 1975). Stem cell fusion oc-
curs at a low frequency in vitro (Ying
et al., 2002) and appears to require
the presence of embryonic stem cells
(Terada et al., 2002; Ying et al., 2002).


Fusion is excluded as an explana-
tion for the multipotency of human
olfactory neurospheres in vitro, be-
cause they were not in contact with
any other cells. In agreement is a re-
cent in vitro study demonstrating that
neural stem cells can differentiate
along an endothelial lineage without
any evidence of fusion (Wurmser et
al., 2004). Multipotency is confirmed,
therefore, for olfactory cells in vitro,
but can fusion explain the “multipo-
tency” of transplanted olfactory cells?


Examination of the DNA content of
human cells after transplantation into
the chicken embryo indicated that the
transplanted human cells were a dis-
tinct population within the chick em-
bryo. Their DNA profile was distinct
from the chick cells and similar to hu-
man cells grown for the same period in
vitro. The percentage of cells in G2
was similar in all the human cells and
approximately 40% of the percentage
among the chick cells. Consideration
of the doubling times of the human
cells in the chick embryo suggests that
they are proliferating at a normal rate
for mammalian cells. These doubling
times indicate that it is unlikely that
the green cells at the time of harvest-
ing derived from fusion of human cells
with a few founder chick cells, because
the calculated doubling times would
be much smaller to produce the same
total number of green cells within the
growing period. Thus, the distinct be-
havior and DNA profile of the human
cells suggests that the majority are
not fused with chick cells.


Another way to assess fusion in
these embryos is to examine the pro-
portion of small labeled cells of similar
DNA content to the unlabeled chick
cells in G1. Only 2.4% of the labeled,
human-derived cells had a DNA con-
tent comparable to the unlabeled
chicken cells in G1. By comparison,
this proportion was 4.9% in the same
human olfactory neurosphere cells
grown for a similar period in vitro.
These observations confirm that “fu-
sion” is not required to explain the
distribution of DNA content in the
transplanted human cells. In agree-
ment with this finding, a recent study
of rat-chick embryo chimeras found no
evidence of fusion after transplanta-
tion of bone marrow stem cells
(Pochampally et al., 2004). Therefore,
although fusion cannot be excluded in
the chicken embryo, we found little ev-
idence for it that cannot be explained by
normal variation in DNA content.


Are Adult Olfactory Neural
Stem Cells Pluripotent?


There is debate about whether adult
stem-like cells are pluripotent and
whether they can differentiate into
cells outside the tissues from which
they are derived (Alison et al., 2003).
The reconstitution of blood by neural
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stem cell transplantation (Bjornson et
al., 1999) was confirmed by one group
(Shih et al., 2001) but not another
(Morshead et al., 2002). The results of
the present study are in agreement
with the earlier studies (Bjornson et
al., 1999; Shih et al., 2001) and indi-
cate that hematopoietic contamina-
tion is unlikely to explain them (Mors-
head et al., 2002). The present results
also confirm the engraftment of the
chicken embryo by neural stem cells
(Clarke et al., 2000). In contrast, when
neural stem cells were transplanted
into the mouse blastocyst, they gave
rise only to glial cells (Greco et al.,
2004). Differences in lineage restriction
of neurosphere cells in published stud-
ies may be defined by extracellular en-
vironment, as observed for human neu-
rospheres in the present study, or it
may reflect differing sampling and cul-
turing techniques. FACS, for example,
is known to prevent nuclear cloning
(Mombaerts, 2004).


It is interesting to consider the evi-
dence for adult stem cell potential
against the concepts of “specification”
and “determination” that propose that
progenitor cells in adult tissues are
lineage restricted to tissue-type devel-
opmental pathways. These concepts
arose from experiments where por-
tions of tissue were explanted or
transplanted rather than dissociated
cells. Tissue explants carry with them
a microenvironment, and after trans-
plantation, this microenvironment
would dominate the phenotypic re-
sponse of resident stem cells. In con-
trast, adult stem cells are trans-
planted as dissociated or isolated cells
that would be open to influence from
the microenvironment into which they
were transplanted. Certainly olfactory
neurosphere cells can be directed
along numerous developmental lin-
eages by varying the culture condi-
tions with defined media or tissue-
conditioned medium. One could
describe adult stem cells as “primitive
programmable precursor cells” neces-
sary for the redevelopment of their tis-
sue niche after injury. There are now
reports of “stem-like” cells in numer-
ous adult tissues, including dermis,
tooth pulp, hair cell follicle, gut, and
adipose tissue (Kamimura et al., 1997;
Deasy et al., 2001; Toma et al., 2001;
Zuk et al., 2001; Bjerknes and Cheng,
2002; Mina and Braut, 2004). The


present study adds the olfactory mu-
cosa to this list and demonstrates this
“stem-like” potency without any ex-
perimental manipulation in vitro
other than dissociation into single cell
suspension. In the mouse and rat
transplants described here, there is no
prolonged period in vitro that might
alter lineage potential (Anderson et
al., 2001).


The multipotency of olfactory cells
was apparent in the high proportion of
successful transplant experiments: 53%
of surviving host rats had donor-derived
leukocytes and 28% of surviving host
chickens had mouse cells within their
tissues. We cannot say from these ex-
periments whether the multipotent ol-
factory cell transdifferentiates to over-
come its normal, organ-specific lineage
restrictions or whether it is develop-
mentally equivalent to an embryonic
stem cell (Watt and Hogan, 2000). It is
possible to explain some aspects of our
transplant experiments by invoking
transdifferentiation rather than differ-
entiation from a stem-like progenitor
(Anderson et al., 2001), but the demon-
stration of multipotency in clonally de-
rived neurosphere cells strongly sup-
ports the conclusion that the adult
olfactory mucosa contains a multipo-
tent, perhaps pluripotent, stem cell.
These qualities suggest olfactory neural
stem cells as candidates for autologous
transplantation for tissue repair. The
human olfactory mucosa is readily ac-
cessible by biopsy without affecting the
sense of smell (Féron et al., 1998, 1999)
and olfactory neurogenesis occurs in el-
derly persons (Murrell et al., 1996). Ol-
factory cells can be grown from repre-
sentatives of healthy controls and
various patient groups (Wolozin et al.,
1992; Féron et al., 1998) potentially pro-
viding a source of stem cell lines for
genomic and proteomic analysis to
study disease etiology and for drug dis-
covery and design.


EXPERIMENTAL
PROCEDURES


Human Neurosphere Culture


Human nasal mucosa was obtained by
biopsy during routine nasal surgery
under general anesthesia, using an
ethmoid forceps (Richard Wolf Medi-
cal, number 8211.551; Hoyland Medi-
cal; Féron et al., 1998). Fifty biopsies


of approximately 1–2 mm2 were ob-
tained from 25 individuals (11 males
and 14 females aged 20–78 years of
age), undergoing surgery for septo-
plasty or turbinectomy. All biopsy tis-
sues were obtained with the informed
consent of the patients, and the study
carried out under a protocol that was
approved by the ethics committees of
the hospital and university according
to guidelines of the National Health
and Medical Research Council of Aus-
tralia.


Biopsies were immediately placed
on ice in DMEM/HAM F12 (Invitro-
gen) supplemented with 10% fetal calf
serum, penicillin, and streptomycin
and then incubated for 45 min at 37°C
in a 2.4 units/ml Dispase II solution
(Boehringer). Laminae propriae were
carefully separated from the epithe-
lium under a dissection microscope
with a microspatula. Sheets of olfac-
tory epithelium were mechanically
dissociated while lamina propriae
were cut into pieces of approximately
40 �m2 using a McIlwain chopper
(Brinkmann) and incubated in a 0.25
mg/ml collagenase H solution (Sigma)
for 10 min at 37°C. After mechanical
trituration, the enzymatic activity
was stopped using a 0.5 mM ethyl-
enediaminetetraacetic acid solution
(Invitrogen). Cell pellets of both tis-
sues were resuspended in DMEM/
HAM F12 culture medium containing
10% fetal calf serum plus penicillin/
streptomycin and sequentially plated
into flasks pretreated with poly-L-ly-
sine (1 �g/cm2; Sigma). Eighteen
hours after the initial plating, floating
cells and undigested pieces of epithe-
lium and lamina propria were trans-
ferred to other coated wells. This op-
eration was repeated 24 hr later.
Spheres of cells were harvested either
collectively by aspiration of the cul-
ture medium and subsequent centrif-
ugation or individually using a 2-�l
pipette. They were then frozen in
90%serum/10% dimethyl sulfoxide for
later use or immediately plated on
glass or plastic dishes without or with
a coating of collagen IV (5 �g/cm2),
fibronectin (10 �g/cm2), laminin (3.5
�g/cm2), poly-L-lysine (2 �g/cm2), or
poly-ornithine (10 �g/cm2). Various
growth factors were tested: FGF2 (50
ng/ml), TGF� (10 ng/ml), CNTF (25
ng/ml), NGF (50 ng/ml), NT3 (50 ng/
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ml), and retinoic acid (0.1 and 1 �g/
ml).


Nestin mRNA expression.


Biopsies and neurospheres were col-
lected and purified, total RNA was iso-
lated using guanidinium thiocyanate
phenol chloroform extraction followed
by DNase digestion of genomic DNA
before being converted into cDNA with
the SuperScript Choice system (Invitro-
gen) using an oligo-dT primer. Primers
used were as follows: forward, GAG-
AGGGAGGACAAAGTCCC; reverse,
TCCCTCAGAGACTAGCGCAT. Cycle
profile was 3 min at 94°C, 40 cycles of
30 sec at 94°C, 60 sec at 59°C, 60 sec at
72°C, and 6 min at 72°C. No RT controls
confirmed the absence of any contami-
nating genomic DNA.


Immunocytochemistry.


For cell counting procedures, immuno-
chemistry was performed using perox-
idase and alkaline phosphatase conju-
gated secondary antibodies (Sigma)
with diaminobenzidine and Fast red
as chromogens. Otherwise, fluores-
cent secondary antibodies were used.
The following antibodies were used:
anti-nestin (1:1,000, gift of Dr. Len-
dahl, University of Lund), anti–neu-
ron-specific �-tubulin type III (5 �g/
ml, Sigma), anti-MAP5 (75 �g/ml,
Sigma), anti-neurofilament (1:400,
Sigma), anti-GFAP (8 �g/ml, DAKO),
anti-O4 (18 �g/ml, Chemicon), anti-
galactocerebroside (1:50, Sigma), anti-
ferritin (1:200, Sigma), anti-human
serum albumin (1:500, Sigma), anti-
skeletal myosin (1:200, Chemicon),
anti-striated tropomyosin (1:50, Sigma),
anti-human cardiac troponin I (16 �g/
ml, Chemicon), anti-human cyclin E
(1:100, Santa Cruz), and anti-sarcom-
eric �-actin (1:200, Sigma). Cells were
not permeabilized for O4 staining.
The specificity of all primary antibod-
ies used was confirmed using controls
incubated with nonimmune sera of
the species used to raise those anti-
bodies. Positive and negative controls
were performed for each antibody. In
some experiments, cyclin E detection
was enhanced using a Tyramide Sig-
nal Amplification kit (NEN Life Sci-
ence Products) and fluorescein.


Transwell induction assay.


Neonate rats were killed by CO2 as-
phyxiation. Heart, liver, and leg skel-


etal muscle were removed, washed,
and chopped into 1-mm slices using a
McIlwain chopper (Brinkmann). Sec-
tions were placed on polycarbonate in-
serts (pore size, 3 �m) and inserted in
transwell culture dishes (Costar). Me-
dium was added level with the tissue
slices: DMEM-HAM F12 supple-
mented with insulin/transferrin/sele-
nium or 5% FCS. Individual neuro-
spheres were carefully plated on the
wells underneath but separated from
the overlying sections. Four days
later, the inserts containing the sec-
tions were removed and the cells were
fixed and processed for immunochem-
istry. For experimental controls, neu-
rospheres were plated in wells with-
out inserts and cultured in DMEM-
HAM F12 and 5% FCS.


Transplantation of Human
Neurosphere Cells Into
Chick Embryo


Human olfactory neurospheres were
enzymatically dissociated and labeled
with DiI or CMFDA (Molecular
Probes) according to the manufactur-
er’s instructions. Fertile white Leg-
horn eggs were incubated at 38°C for
approximately 20–24 hr. Shells above
the air space region were removed and
dissociated olfactory cells were in-
jected into the region of the primitive
streak using a micromanipulator
(Narshige Model MN151) and drawn
glass micropipette. Two microliters of
cells (1,000 cells/�l) were injected.
Eggs were then resealed and opened
for processing 2–5 days later.


Transplantation of Mouse
Olfactory Epithelial Cells
Into Chick Embryo


The olfactory mucosa was dissected
from donor animals and the olfactory
epithelium was separated from the
lamina propria as described for the
human biopsies above. Dissociated ep-
ithelial cell suspensions were pre-
pared and tested for viability by
trypan blue uptake. The donor ani-
mals were from a transgenic mouse
strain, which has the E. coli Lac Z
gene under the promoter of the HMG-
CoA Reductase gene (Tam and Tan,
1992).


Chick gastrulae (20–24 hr incuba-


tion, Hamburger Hamilton stage 4 to
6) were transplanted in situ by micro-
injection of a few microliters of disso-
ciated olfactory epithelium cells
(1,000 cells/�l) into the primitive
streak as described (Clarke et al.,
2000). Controls were (1) no interfer-
ence, (2) sham injected, and (3) in-
jected with a suspension of erythro-
cyte-free blood cells (leukocytes, bone
marrow–derived stem cells, and pro-
genitors; also 1,000 cells/�l; prepared
using a Vitalyse erythrocyte lysing kit
[Bioergonomics] according to the man-
ufacturer’s instructions) from the
same transgenic donor mice. Two to 5
days later, the embryos were fixed and
processed for X-gal staining to identify
bacterial �-galactosidase activity.


Embryos were fixed at 4°C for 30
min in 4% paraformaldehyde in PME
buffer (PME: 100 mM sodium phos-
phate buffer, pH 7.8, 2 mM MgCl2, 5
mM ethyleneglycoltetraacetic acid).
Embryos were washed in wash buffer
(0.01% sodium deoxycholate, 0.02%
Nonidet P40 in PME) twice for 20 min
at room temperature, followed by one
wash for 60 min at 50°C. Embryos
were then incubated in staining buffer
(5 mM potassium ferricyanide, 5 mM
potassium ferrocyanide, 1 mg/ml
X-gal in Wash buffer) for 20 hr at
32°C. Embryos were washed three
times in wash buffer and post-fixed for
3 hr in 4% paraformaldehyde. They
were then washed and dehydrated
through a graded series of alcohols to
prevent background staining occur-
ring. Embryos could then be stored in
100% ethanol at 4°C until further pro-
cessing. Some embryos had excess
blue precipitate cleared in methyl sa-
licylate after dehydration.


Before sectioning, the embryos were
rehydrated through a graded series of
alcohols to phosphate buffered saline
(PBS) and allowed to equilibrate in
30% sucrose in PBS overnight. The
embryos were then frozen in OCT and
sectioned at 8 �m on a cryostat. Pro-
cessing of sections for detection of
�-galactosidase, skeletal myosin heavy
chain, cardiac troponin I, ferritin, neu-
rofilament, S100, olfactory marker
protein, and cyclin E was undertaken
using standard methods for single and
double labeling. Secondary antibodies
used were conjugated for fluorescence
detection, Fast Red conversion by al-
kaline phosphatase, or diaminobenzi-
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dine conversion by horse radish perox-
idase. Antibodies and their respective
dilutions were as follows: mouse anti-
Nestin monoclonal (MAB353, Chemi-
con, 1:100), mouse anti–E. coli �-ga-
lactosidase monoclonal (Gal40, Sigma,
1:100), rabbit anti-bacterial �-galacto-
sidase polyclonal (AB986, Chemicon,
1:1,000), rabbit anti-human ferritin
polyclonal (F5012, Sigma, 1:200),
rabbit anti-human skeletal myosin
polyclonal (AB998, Chemicon, 1:100),
mouse anti-human cardiac troponin I
monoclonal (MAB3150, Chemicon,
1:200), rabbit anti-cow S100 poly-
clonal (Z0311, Dako, 1:200), mouse
anti-neurofilament monoclonal (NO142,
1:400), goat anti-rodent olfactory
marker protein polyclonal antibody (a
generous gift of Dr. Frank Margolis,
1:5000; Keller and Margolis, 1975),
goat anti-rabbit IgG fluorescein iso-
thiocyanate (FITC) conjugate (AP132F,
Chemicon, 1:200), rabbit anti goat
IgG(H&L) FITC conjugate (FI-5000,
Vector, 1:200), goat anti-mouse IgG rho-
damine conjugate (AP132R, Chemicon,
1:200), goat anti-rabbit alkaline phos-
phatase conjugate (AL13405, Bio-
science, 1:200), goat anti-mouse alka-
line phosphatase conjugate (AM13405,
Bioscience, 1:200), goat anti-Mouse
IgG(H&L) horseradish peroxidase con-
jugate (172-1011, BioRad, 1:200), and
goat anti-rabbit IgG(H&L) horse radish
peroxidase conjugate (170-6515, Bio-
Rad, 1:200).


Transplantation of Rat
Olfactory Mucosal Cells Into
Irradiated Rat


Donor and host rats were from a con-
genic strain with RT7 leukocyte al-
loantigens (Kampinga et al., 1990).
Donors were male, RT7.2-positive rats
whose olfactory mucosa was dissected
from the donors and enzymatically di-
vided into olfactory epithelium and
underlying lamina propria and cell
suspensions were prepared as de-
scribed above. Cells from 10 donors
were injected into the tail veins of 20
virgin female hosts—10 received cells
from olfactory epithelium and 10 from
lamina propria. Approximately 106


donor cells (60–70% viable) were in-
jected into each host animal. Hosts
were female, RT7.2-negative rats,
which were irradiated with 700 rads
using a Phillips Deep X Ray unit (250


Kilovolts/15 milliamps), sublethal ir-
radiation that destroys most of the
bone marrow. At 4 days before and 10
days afterward, the rats received sub-
cutaneous injections of gentamicin
(0.1 mg/kg) twice daily. Nine months
after transplantation, 17 of 20 host
animals remained alive. These were
killed with an overdose of sodium pen-
tobarbitone, their blood was collected,
and their spleens were dissected,
fixed, and frozen for later analysis.
Donor-derived cells were distin-
guished from host cells after trans-
plantation by the expression of the
RT7.2 allele of CD45 antigen on the
surface of leukocytes and by the pres-
ence of the male sex-determining gene
SRY (Koopman et al., 1991).


Leukocyte immunochemistry and
PCR.


Leukocytes were prepared from the
blood by using Vitalyse (Bioergonom-
ics) erythrocyte lysing kit according to
the manufacturer’s instructions. Con-
trol and host animal leukocytes were
subjected to indirect immunofluores-
cence detection of CD45 RT7.2 (the
leukocyte common antigen on all
RT7.2 donor animals’ leukocytes) and
CD45 RA (an antigen on all B lympho-
cytes). At the time of transplant, ali-
quots of freshly prepared donor cells
were subjected to indirect immunoflu-
orescence detection of CD45RT7.2 and
CD34 and then fixed using the Vital-
yse fixing buffer. Primary antibodies
were His 41 (Serotec, anti RT7.2,
1:10), Ox 33 (Pharmingen, anti-
CD45RA, 1:100), and ICO115 (Santa
Cruz, anti-CD34, 1:50). The secondary
antibody used was Oregon green 488
conjugated anti-mouse IgG A&M pre-
absorbed against other species (Molec-
ular Probes, 1:200). For immunodetec-
tion, cells were allowed to settle on poly-
L-lysine–coated slides and viewed with
an Olympus BX50 fluorescence micro-
scope fitted with an Apogee KX85 digi-
tal camera and digital software (PMIS,
Apogee). For FACS experiments, cells
were labeled in like manner, fixed, and
filtered (70 �m) to remove any cell clus-
ters.


Genomic DNA was prepared from
fixed leukocyte cell suspensions using
proteinase K digestion followed by phe-
nol chloroform extraction according to
standard methods. PCR primers were
designed from a published 459-bp se-


quence from the rat SRY cDNA (acces-
sion no. X89730). The following primer
pairs proved reliable: SRYb forward,
5�-CTACAGCCTGAGGACATATTA-3�;
SRYb reverse, 5�-TCCGTATATAAT-
AGTGTGTAG-3�; and SRYc forward,
5�-GGAGCAGTGACAGTTGTCTAG-3�
and SRYc reverse, 5�-GAGGCAACT-
TCACGCTGCAA-3�. The program used
for testing leukocyte DNA consisted of a
preliminary denaturing step of 95°C for
3 min, followed by 45 cycles of 95°C
denaturing for 30 sec, an annealing step
of 60°C for 60 sec, and 72°C extension
for 60 sec. A 6-min extension step at
72°C was included at the end. Amplifi-
cation of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) under the
same conditions was used as a positive
control and measure of DNA quality.
GAPDH primers were as follows:
forward, 5�-ACAGTCCATGCCAT-
CACTGCC-3�; and reverse, 5�-CCTGC-
TTCACCACCTTCTTG-3�. These exper-
iments used a MJ Research MiniCycler
model PTC-0150. Two differently
primed PCR products from a test ani-
mal were sequenced using ABI Big Dye.
As well, a product was cloned into
pGem T-easy (Promega) for probe gen-
eration. Suitable quantities of a 310-bp
product were gel purified and labeled
with tetramethylrhodamine-5�-dUTP
using a Random Hexamer Labeling Kit
(Roche).


Spleen immunochemistry and
PCR.


Spleens were fixed in PLP fixative (2%
paraformaldehyde, 67 mM lysine, 10
mM sodium periodate in phosphate
buffer; McClean and Nakane, 1974)
for 2 hr at 4°C. Spleens were washed
in PBS and equilibrated in 30% su-
crose in PBS before freezing on a cry-
ostat in OCT medium (Sakura). Eight
micrometer sections were cut and
mounted on Super Frost Plus pre-
coated microscope slides. Sections
were blocked in 10% goat serum, 1%
anti-mouse IgG, A&M in PBS. Block-
ing solution was removed and primary
antibodies to rat CDs (CD45RT7.2,
CD45RA, CD3 [IF4, Serotec, 1:50],
CD11b ]WT.5, Pharmingen, 1:50], and
CD34) were applied in 10% goat se-
rum in PBS. Sections were washed in
PBS and secondary Oregon Green an-
ti-mouse conjugate applied in a like
manner. Sections were washed in PBS
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and 1% Tween 20 and were viewed for
fluorescence as above. For testing for
the presence of olfactory marker pro-
tein, anti-rodent olfactory marker pro-
tein, goat polyclonal antibody (a gen-
erous gift of Dr. Frank Margolis,
1:5,000; Keller and Margolis, 1975)
was used. In this case, the secondary
was rabbit anti-goat IgG (H&L) fluo-
rescein conjugate (Vector, 1:200) and
blocking was carried out using rabbit
serum.


Spleen sections were subjected to
1�g/ml proteinase K digestion for 10
min. At this point, in colocalization
experiments, immunofluorescent de-
tection of CD markers took place as
described above, after which sections
were post-fixed in 4% paraformalde-
hyde for 5 min at 4°C. Sections were
then membrane permeabilized in
100% methanol for 30 min at room
temperature. A Hybaid Omnigene fit-
ted with an in situ humidified PCR
block was then used for the in situ
PCR procedure. Sections were circum-
scribed with PAP pen, and 20 �l of
reaction mix prewarmed to 82°C was
applied to each. Round coverslips
were applied to each section followed
by an overlay of mineral oil and a rect-
angular coverslip. The reaction mix
consisted of 1 �M each of primers
SRYb forward and SRYb reverse, 200
�M DNTPs, 4.5 mM MgCl2, 1� reac-
tion buffer, and 7.5 units of Amplitaq
(Roche). The following PCR program
was used: 1 cycle of 94°C, 3 min fol-
lowed by 55°C, 2 min; and then 29
cycles of 94°C, 1 min, followed by
55°C, 2 min. Rectangular coverslips
were removed in xylene; slides were
then immersed in isopropanol fol-
lowed by a graded series of ethanol
until round coverslips could be re-
moved in PBS. DNA in sections was
denatured by immersion in 0.1 N
NaOH for 90 sec. Slides were washed
in 2� standard saline citrate (SSC)
and 200 ng/ml of probe (SRY or non-
sense probe) applied in hybridization
buffer (40% DI formamide, 10% dex-
tran sulphate, 1� Denhardt�s solu-
tion, 5�SSC, and 100 �g/ml frag-
mented denatured herring sperm
DNA). Sections were hybridized over-
night at 37°C. Sections were washed
in 2�SSC, 50°C for 5 min twice. Slides
were then counterstained in Hoechst
blue (Hoechst), mounted, and photo-
graphed.


Preparation of Rat and
Mouse Bone Marrow Cells


The long bones of the hind limbs were
dissected clear of attached muscles
and soft tissues. The ends of the fe-
murs and tibias were excised. Each
bone was then flushed with 5% fetal
calf serum in PBS to remove the bone
marrow. A cell suspension was then
created by repeated gentle aspiration
and flushing through a 22-gauge sy-
ringe into a Petri dish. The suspension
was then filtered through a 70-�m cell
filter. The cell suspension was washed
and resuspended in appropriate me-
dium. These cell suspensions were
used as source material for neuro-
sphere-forming assays, and as source
material for the fusion assays (below).


Cell Fusion Assays


Experiments were undertaken to test
whether olfactory cells might fuse
with other cells: coculture of mouse
olfactory cells with mouse bone mar-
row cells, coculture of mouse olfactory
cells with cells from chick embryo, and
analysis of DNA content in human ol-
factory neurosphere cells after trans-
plantation into the chick embryo.


Coculture of mouse olfactory
cells with mouse bone marrow
cells.


The mouse olfactory cells were derived
from a GFP mouse (GFP-A8, base
strain: BALB C, a generous gift from
Dr. Klaus Matthaei, Australian Na-
tional University), which has EGFP
expression under the H2A.Z promotor
(Faast et al., 2001) that directs EGFP
expression to several tissues, includ-
ing the olfactory mucosa. Cell suspen-
sions of mouse olfactory epithelium
and lamina propria were prepared as
described above, and then cocultured
for 4 days with mouse (BALB/C) bone
marrow cells at high density at a ratio
of 1:10. The bone marrow cells were
labeled with 1 �g/ml DiI (Molecular
Probes), a membrane-bound red flu-
orophore, according to the manufac-
turer’s instructions, such that any
fused cells should be identifiable by
their double fluorescence: green (olfac-
tory cells) and red (chick embryo or
bone marrow cells). Cells were then
examined visually or by FACS for any
GFP/DiI double labeling.


Coculture of mouse olfactory
epithelial cells with chick
embryo cells.


Cell suspensions of mouse olfactory
epithelium were prepared as de-
scribed above, and then cocultured for
4 days with cell suspensions prepared
from the chick embryo at high density
at a ratio of 1:10. Chicken gastrulae
(Hamburger Hamilton stage 4–5)
were dissociated by a brief trituration
and incubation in 0.25% trypsin in
Earle’s balanced salt solution (EBSS)
at 37°C. The chick embryo cells were
labeled with DiI such that any fused
cells should be identifiable by their
double fluorescence: green (olfactory
epithelial cells) and red (chick embryo
cells). Cells were then examined visu-
ally or by FACS for any GFP/DiI dou-
ble labeling. Bone marrow and chick
embryo cells remained viable for the
culture period as assessed by mem-
brane integrity (trypan blue) and in-
tact nuclei (Hoechst blue).


Retroviral labeling of olfactory
cells for transplant.


Transduction experiments used a
pFB-hrGFP, Viraport (Stratagene)
retroviral control supernatant that
contains an MMLV replication defec-
tive retrovirus. As a precaution, cells
targeted for transduction were tested
using a reverse transcriptase assay in
case of endogenous replication compe-
tent retrovirus. When confirmed to be
clear of endogenous retrovirus, they
were transduced according to the
manufacturer’s instructions. PCR was
then used to confirm genomic integra-
tion of the viral insert. Neurospheres
obtained from GFP-transduced cul-
tures were tested capable of producing
both neurons and glia before use in
transplant experiments.


Dissociation of chick–human
chimeric embryos for FACS
analysis.


Chick embryos were harvested at 4 or
6 days development and dissected in
EBSS to 3-mm cubes of tissue. Tissue
was washed in the same medium then
incubated in 0.25% trypsin in EBSS at
4°C overnight. Excess trypsin was
then removed, and tissue was tritu-
rated at 37°C until microscopically
clearly dissociated. The reaction was
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stopped in 10% FCS, and the cells
were washed twice before fixing and
permeabilization for 15 min in 70%
ethanol in PBS. Samples were then
stained with 1 �g/ml PI (Molecular
Probes), according to the manufactur-
er’s instructions.


FACS.


Flow cytometry used a FACS Vantage
(BD Biosciences) cell sorter equipped
with a 488-nm argon ion laser, and
sample data were analyzed using
WinMDI version 2.8 software.


Imaging


Photographic and electronic images
were processed using Adobe Photo-
shop 7.0.


ACKNOWLEDGMENTS
The authors thank U. Lendahl for the
anti-human nestin antibody, F. Mar-
golis for the anti-rodent olfactory
marker protein antibody, M. Schirmer
for assistance with irradiation, S. Tan,
K. Matthei, and David Tremethick for
transgenic mice, K. Field and I. Hay-
ward for assistance with FACS analy-
sis, and J. Kan for technical assis-
tance.


REFERENCES


Alison M, Poulsom R, Otto W, Vig P, Brit-
tan M, Direkze N, Preston S, Wright N.
2003. Plastic adult stem cells: will they
graduate from the school of hard knocks?
J Cell Sci 116:599–603.


Alvarez-Dolado M, Pardal R, Garcia-Verd-
ugo J, Fike J, Lee H, Pfeffer K, Lois C,
Morrison S, Alvarez-Buylla A. 2003. Fu-
sion of bone marrow-derived cells with
Purkinje neurons, cardiomyocytes and
hepatocytes. Nature 425:968–973.


Anderson DJ, Gage FH, Weissman IL.
2001. Can stem cells cross lineage
boundaries? Nat Med 7:393–395.


Bjerknes M, Cheng H. 2002. Multipoten-
tial stem cells in adult mouse gastric ep-
ithelium. Am J Physiol Gastrointest
Liver Physiol 283:G767–G777.


Bjornson CR, Rietze RL, Reynolds BA, Ma-
gli MC, Vescovi AL. 1999. Turning brain
into blood: a hematopoietic fate adopted
by adult neural stem cells in vivo. Sci-
ence 283:534–537.


Caggiano M, Kauer JS, Hunter DD. 1994.
Globose basal cells are neuronal progen-
itors in the olfactory epithelium: a lin-
eage analysis using a replication-incom-
petent retrovirus. Neuron 13:339–352.


Calof AL, Chikaraishi DM. 1989. Analysis
of neurogenesis in a mammalian neuro-
epithelium: proliferation and differenti-


ation of an olfactory neuron precursor in
vitro. Neuron 3:115–127.


Carter LA, MacDonald JL, Roskams AJ.
2004. Olfactory horizontal basal cells
demonstrate a conserved multipotent
progenitor phenotype. J Neurosci 24:
5670–5683.


Chen X, Fang H, Schwob J. 2004. Multipo-
tency of purified, transplanted globose
basal cells in olfactory epithelium.
J Comp Neurol 469:457–474.


Clarke DL, Johansson CB, Wilbertz J, Ve-
ress B, Nilsson E, Karlstrom H, Lendahl
U, Frisen J. 2000. Generalized potential
of adult neural stem cells. Science 288:
1660–1663.


Cogle C, Yachnis A, Laywell E, Zander D,
Wingard J, Steindler D, Scott E. 2004.
Bone marrow transdifferentiation in
brain after transplantation: a retrospec-
tive study. Lancet 363:1432–1437.


Deasy BM, Jankowski RJ, Huard J. 2001.
Muscle-derived stem cells: characteriza-
tion and potential for cell-mediated ther-
apy. Blood Cells Mol Dis 27:924–933.


Doyle KL, Khan M, Cunningham AM.
2001. Expression of the intermediate fil-
ament protein nestin by sustentacular
cells in mature olfactory neuroepithe-
lium. J Comp Neurol 437:186–195.


Faast R, Thonglairoam V, Schulz T, Beall
J, Wells J, Taylor H, Matthaei K,
Rathjen P, Tremethick D, Lyons I. 2001.
Histone variant H2A.Z is required for
early mammalian development. Curr
Biol 11:1183–1187.


Feron F, Mackay-Sim A, Andrieu JL, Mat-
thaei KI, Holley A, Sicard G. 1999.
Stress induces neurogenesis in non-neu-
ronal cell cultures of adult olfactory epi-
thelium. Neuroscience 88:571–583.
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